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Abstract Non-degenerate stars of essentially all spectral classes are soft X-ray sources. 
Their X-ray spectra have been important in constraining physical processes that heat plasma 
in stellar environments to temperatures exceeding one million degree. Low-mass stars on 
the cooler part of the main sequence and their pre-main sequence predecessors define the 
dominant stellar population in the galaxy by number. Their X-ray spectra are reminiscent, in 
the broadest sense, of X-ray spectra from the solar corona. The Sun itself as a typical exam- 
ple of a main-sequence cool star has been a pivotal testbed for physical models to be applied 
to cool stars. X-ray emission from cool stars is indeed ascribed to magnetically trapped hot 
gas analogous to the solar coronal plasma, although plasma parameters such as temperature, 
density, and element abundances vary widely. Coronal structure, its thermal stratification and 
geometric extent can also be interpreted based on various spectral diagnostics. New features 
have been identified in pre-main sequence stars; some of these may be related to accretion 
shocks on the stellar surface, fluorescence on circumstellar disks due to X-ray irradiation, 
or shock heating in stellar outflows. Massive, hot stars clearly dominate the interaction with 
the galactic interstellar medium: they are the main sources of ionizing radiation, mechan- 
ical energy and chemical enrichment in galaxies. High-energy emission permits to probe 
some of the most important processes at work in these stars, and put constraints on their 
most peculiar feature: the stellar wind. Medium and high-resolution spectroscopy have shed 
new light on these objects as well. Here, we review recent advances in our understanding of 
cool and hot stars through the study of X-ray spectra, in particular high-resolution spectra 
now available from XMM-Newton and CHANDRA. We address issues related to coronal 
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structure, flares, the composition of coronal plasma. X-ray production in accretion streams 
and outflows. X-rays from single OB-type stars, massive binaries, magnetic hot objects and 
evolved WR stars. 

Keywords X-rays: stars • Stars; early-type • Stars: late- type 
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1 Introduction 

Stars are among the most prominent sources accessible to modem X-ray telescopes. In fact, 
stars located across almost all regions of a Hertzsprang-Russell diagram have been identified 
as X-ray sources, with only a few exceptions, most notably A-type stars and the coolest 
giants of spectral type M. But even for those two classes, important exceptions exist. X-rays 
have been identified from the most massive and hottest stars, i.e., O-type and Wolf-Rayet 
stars, for which shocks forming in unstable winds are held responsible for the production 
of million-degree plasma and the ensuing X-rays. X-rays are therefore tracers of stellar 
mass loss and sensitive diagnostics of stellar- wind physics. In hot star binaries, winds may 
collide, thus forming very hot plasma in the wind colUsion region. The X-ray emission and 
its modulation with orbital phase then provide precise constraints on the colliding wind 
region, and hence the wind properties of each star. 

In cooler stars of spectral classes F to M, magnetic coronae, overall analogous to the 
solar corona, are at the origin of X-rays, enriched by flares in which unstable magnetic 
fields reconnect and release enormous amounts of energy in a matter of minutes to hours. 
The presence of coronae in these stars testifies to the operation of an internal dynamo that 
generates the magnetic fields. Although X-rays provide easy diagnostics for such fields in 
the corona, the coronal phenomenon is by no means restricted to X-ray sources but should 
rather be understood as the ensemble of closed magnetic field structures anchored in the 
stellar photosphere. Some of these magnetic loops may be in the process of being heated, 
thus filling up with hot plasma, while others are not. 

X-rays have also been detected from brown dwarfs; again, the emission mechanism is 
supposedly coronal. Similarly, in low-mass pre-main sequence stars, i.e., T Tauri stars (TTS) 
or (low-mass) protostars, intense steady and flaring X-ray radiation is also thought to orig- 
inate predominantly in hot coronal plasma although the complex environment of such stars 
allows, in principle, additional X-ray sources to be present. Shocks forming at the photo- 
spheric footpoints of disk-to-star accretion flows have been proposed to generate detectable 
X-ray emission, and high-resolution X-ray spectra indeed seem to provide the correspond- 
ing diagnostics. Further, outflows and jets form X-rays in internal shocks and shocks with 
the interstellar medium (Herbig-Haro objects). 

X-rays not only provide invaluable diagnostics for winds, magnetic fields, accretion and 
outflow physics. They can become key players in their own right. In young stellar environ- 
ments, for example, they act as ionizing and heating agents in circumstellar disks which 
then grow unstable to accretion instabilities in the presence of magnetic fields. Also, X-rays 
are well known to drive a complex chemistry in molecular environments such as circumstel- 
lar disks and envelopes. Once planets have formed, X-rays and the lower-energy extreme 
ultraviolet (EUV) radiation may heat and evaporate significant fractions of their outer atmo- 
spheres, contributing to the loss of water and therefore playing a key role in determining the 
"habitability" of a planet. 

Many of these topics have been addressed during the past three to four decades of stellar 
X-ray astronomy. A decisive boost came, however, with the introduction of high-resolution 
X-ray spectroscopy. While familiar to solar coronal physics for many years, high-resolution 
X-ray spectroscopy was the poor cousin of X-ray photometry (possibly with some low en- 
ergy resolution) until recently, even though a few notable experiments like crystal spectrom- 
eters or gratings were carried on early satellites (e.g., Einstein, EXOSAT). These, however, 
required exceptionally bright X-ray sources. The Extreme-Ultraviolet Explorer (EUVE) 
gave a first taste of routine high-resolution spectroscopy in the high-energy domain, con- 
centrating mostly on the 90-300 A spectral region that contains many spectral lines of 
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highly ionized species formed in million-degree plasmas. Given the large attenuation of 
EUV photons by the interstellar medium, only EUV bright, mostly nearby sources (predom- 
inantly cool s tars) w ere the subject of spectroscopic observations. A summary is given by 
iBowver et all ilOOd) . 

High-resolution X-ray spectroscopy has been provided by grating instruments on the 
XMM-Newton and CHANDRA X-ray observatories which both were launched in 1999. 
Their broad wavelength coverage (0.07-15 keV), effective areas (up to w 200 cm^) and 
their impressive spectral resolving power (up to w 1000) have for the first time allowed 
many spectral lines to be separated, line multiplets to be resolved, and in some cases line 
profiles and line shifts to be measured. Such spectroscopic measurements have opened the 
window to stellar coronal and stellar wind physics, including pinpointing the location of 
X-ray emitting sources, determining densities of hot plasmas, measuring their composition 
or assessing X-ray ionization physics in stellar environments. 

These topics define the main focus of the present review. We aim at surmnarizing our un- 
derstanding of cool and hot star physics contributed by X-ray spectroscopy. Naturally, there- 
fore, we will focus on observations and interpretations that the XMM-Newton and CHAN- 
DRA high-resolution spectrometers have made possible for now almost a decade. Older, 
complementary results from EUVE will occasionally be mentioned. However, understand- 
ing cosmic sources cannot and should not be restricted to the use of spectroscopic data alone. 
Although spectroscopy provides unprecedented richness of physical information, comple- 
mentary results from, e.g.. X-ray photometric variability studies or thermal source charac- 
terization based on low-resolution spectroscopy are invaluable in many cases. We highlight, 
in particular, the much higher effective areas of present-day CCD detectors that permit a 
rough characterization of large samples of stars inaccessible to current grating spectroscopy. 
A particularly important example is the study of the 6.4-7 keV line complex due to highly 
ionized iron in extremely hot gas on the one hand and to fluorescent emission from "cold" 
iron at low ionization stages on the other hand. This feature is presently best studied using 
CCD spectra with resolving powers of w 50, in full analogy to line features at lower energies 
preferentially investigated with gratings. 

We will, however, not concentrate on issues predominantly derived from light curve 
monitoring, potentially important for the localization of X-ray sources in the stellar envi- 
ronments or the study of flares; we will also not focus on the thermal characterization of 
X-ray sources based on low-resolution spectroscopy available before the advent of XMM- 
Newton and CHANDRA; further, the many specific subclasses forming a zoo of variations 
of our themes, such as rapidly rotating giants, giants beyond the corona-wind dividing line, 
Ap stars, "Luminous Blue Variables" and others will not be treated individually as we wish 
to emphasize common physics related to coronae, winds, and accretion/outflow systems. 
Finally, this review is not concerned with evolutionary and population studies, for example 
in star-forming regions, in stellar clusters, or in stellar associations. These topics, equally 
important for a compreh ensive picture of stellar physics and stellar evolution, have been 
reviewed elsewhere (e.g.. lFavata and Miceldl2003l ; lGudelll2004h . 

We have structured our article as follows. The first chapter (Sect. |2]l addresses X-ray 
spectroscopy of cool stars, focusing on the thermal and geometric coronal structure, coronal 
composition, and flare physics. We then turn to new features (Sect. [3]l found in pre-main 
sequence stars with accretion and outflows. Finally, Sect. previews results from X-ray spec- 
troscopy of massive, hot stars. 
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2 X-rays from cool stars 

2. 1 Coronal X-ray luminosities and temperatures 

The Hertzsprung-Russell diagram rightward of spectral class A is dominated by stars with 
outer convection zones, and many of these also have inner radiative zones. In these stars, 
an interaction of convection with rotation produces a magnetic dynamo at the base of the 
convection zone, responsible for a plethora of magnetic phenomena in or above the stel- 
lar photosphere (e.g., magnetic spots, a thin chromosphere, magnetically confined coronal 
plasma occasionally undergoing flares, etc.). 

The study of our nearby example of a cool star, the Sun, has provided a solid framework 
within which to interpret X-ray emission from cool stars. Indeed, essentially every type of 
cool star except late-type giants has meanwhile been identified in X-rays with characteris- 
tics grossly similar to what we know from the Sun. This includes objects as diverse as G- 
and K-type "solar-like" main-sequence stars, late-M dwarf "flare stars" and brown dwarfs 
(which are, however, fully convective and for which different dynamos may operate), pro- 
tostars and accreting or non-accreting TTS (many of which are again fully convective), 
intermediate-mass A-type and pre-main-sequence Herbig Ae/Be stars, post-main sequence 
active binaries, and F-K-type giants. Most of these stars show variable X-ray emission at 
temperatures of at least 1-2 MK and occasional flaring. 

As we expect from a rotation-induced internal dynamo, the luminosity level is funda- 
mentally correlated wi th rotation, as was shown in the ear ly seminal studies based on the 
Einstein stellar survey jPallavicini et~3.ll98ll : lwaite3.ll98lh : the X-ray luminosity (Lx), the 
projected rotation period (vsin/; in a statistical sense), the rotation period (P), the rotation 
rate (Q), and the Rossby number {Ro = P/Xc^ ic being the convective turnover time) are 
related by the following equations, 

Lx « 10''(vsini)' [ergs-i], (1) 
Lx °c X22cxp-2, (2) 

Fx,^^Ro-^ (3) 

(see IPizzolato et alll2003l for further details). These trends, however, saturate at levels of 
Lx/Lboi ~ 10"^. At this point, a further increase of the rotation rate does not change Lx 
anymore. This break occurs at somewhat different rotation periods depending on spectral 
type but is typically located at P w 1.5 — 4 d, increasing toward later main-sequence spec- 
tral types fpizzolato et alll2003l : a description in terms of Rossby number provides a more 
unified picture). The Sun with Lx w 10^^ erg s^' is located at the lower end of the activ- 
ity distribution, with Lx/Lboi ~ lO^^ "^^ and therefore far from any saturation effects. It is 
presently unclear why X-ray emission saturates. Possibilities include a physical saturation 
of the dynamo, or a complete filling of the surface with X-ray strong active regions. For 
the fastest rotators (v greater than a bout 100 km s~'), Ly tends to slightly decrease again, a 
regime known as "supersaturation" iRandich et allll99q) . 

There are some variations of the theme also for pre-main-sequence stars. Given their 
much deeper convective zones and ensuing longer convective turnover times, the saturation 
regime for typical TTS reache s up to about 3 d; almost all pre-main sequence stars may 
therefore be X-ray saturated ( Flaccomio et all 2003; Preibisch et al, 2005). For TTS sam- 
ples, Lx/Lboi w 10^^'^, although there is a large scatter around this saturation value, and the 
subsample of accreting TTS ("classical T Tauri" stars or CTTS) reveals ratios on average 
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about a factor of 2 lower than non-accret ing TTS ("weak-lined T Tauri" stars or WTTS; 
IPreibisch et aill2005l : iTelleschi et aill2007ah . 

The second fundamental parameter of cool-star X-ray sources is the characteristic or 
"average" coronal temperature. Again, the Sun is located at the lower end of the range of 
coronal temperatures, showing « 1.5 — 3 MK, somewhat depending on the activity level 
(of course, individual features will reveal considerable variation around such averages at any 
instance). An important a lthough unexpected finding from early s urveys was a corre lation 
between J^v and Lx (e.g.. lSchrijver et all[l984l : ISchmitt et allll990l : see Telleschi et"aill2005l 
for a recent investigation of solar analogs with similar spectral types and masses). Roughly, 
one finds 

oc r4-5±°-3 (4) 

although the origin of this relation is unclear. It may involve more frequent magnetic inter- 
actions between the more numerous and more densely packed active regions on more active 
stars, leading to higher rates of magnetic energy release (flares) that heat the corona to higher 
temperatures (we will return to this point in Sect. |2.2| and |2.4| l. 



2.2 The thermal structure of coronae, and the coronal heating problem 

Understanding the thermal coronal structure requires spectroscopic data of a number of lines 
forming at different temperatures. The advent of high-resolution X-ray spectroscopy pro- 
vided by XMM-Afevvfon and CHANDRA has opened a new window to coronal structure, as 
summarized below. Examples of solar analog stars with different ages and therefore activity 
levels are shown in Fig.[T](see also Fig.[l4]for further examples of very active and inactive 
stars). As judged from the pattern of emission lines and the strength of the continuum, the 
spectra show that the dominant temperatures in the coronal plasma decrease with increasing 
age (from top to bottom). 

Observed X-ray line fluxes as well as the continuum scale with the emission measure, 
EM = ngtiuV at a given temperature, where and hh (« 0.85ne for a fully ionized plasma) 
are the number densities of electrons and hydrogen ions (protons), respectively, and V is 
the emitting volume. For a distribution of emission measure in temperature, the relevant 
quantity is the differential emission measure (DEM), Q{T) = tieriHdV (T) / dlnT that gives 
the emission measure per unit interval in InJ. Clearly, the DEM provides only a degenerate 
description of a complex corona, but it nevertheless contains statistical information on the 
average distribution of volumes in temperature and therefore - indirectly through modeling 
- also on the operation of heating and cooling mechanisms. 

Deriving the thermal structure of an optically thin stellar corona is a problem of spec- 
tral inversion, using temperature-sensitive information available in spectral lines and the 
continuum. Many inversion methods have been designed, but regardless of the method- 
ology, spectral inversion is an ill-conditioned problem and allows for a large number of 
significantly different but nevertheless "numerically correct" solutions (in the sense of re- 
producing a specified portion of the spectrum sufficiently well). The non-uniqueness of the 
inversion problem is rooted in the broad temperature range over which a given line forms, 
combined with the discretization of the problem (e.g., on a temperature grid) and uncertain- 
ties in the calibrati on, th e tabulated atomic physics parameters, and even counting statistics 
JCraig and Browrj.ll976l) . This limitation of spectral inversion is fundamentally mathemati- 
cal and cannot be removed even if data with perfect spectral resolution and perfect precision 
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Fig. 1 XMM-Newton X-ray grating spectra of solar analogs at different activity levels. From top to bottom, 
age increases, while the overall activity level and the characteristic coronal temperatures decrease. (From 
iTelleschi et al2003. reproduced by permission of the AAS.) 



are at hand. In this sense, any inversion of a spectrum - regardless of the inversion method- 
ology - is as good as any other if it reproduces the observed spectrum similarly wellQ The 



' Coronal research has developed several classes of inversion techniques, best separated into discrete in- 
version teciiniques that reconstruct the emission measure distribution from measured and extracted flux values 
of selected emission lines, and continuous inversion teciiniques that treat the spectrum as a function to be fit- 
ted with a superposition of synthetic template spectra. The often used expressions "line-based analysis" and 
"global fit", respectively, miss the essence of these techniques, as all methods ideally use a large fraction or 
the entirety of the available spectrum in which the relevant information is provided mo stly by line flux ratios . 
Basically, equivalent solutions can be found from both classes of inversion techniques iTelleschi et alll2003) . 
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discrimination between "physically acceptable" and "physically unacceptable" solutions re- 
quires that additional conditions be imposed on the emission measure distribution, which are 
in fact constraining the "physics" of the problem (e.g., smoothness of the emission measure 
distribution as required by thermal conduction for typical coronal features). These physi- 
cal constraints obviously cannot be id entified by any mathematical inversion technique. For 
further comments on this problem, see iGtidell ll2004h . 

Understanding emission measure distributions, but also reasonably constraining the spec- 
tral inversion process, requires theoretical models that link the coronal thermal structure 
with the DEM. We first summarize model predictions for non-flaring magnetic loops, and 
then address flaring sources. 

Under the conditions of negligible gravity, i.e., constant pressure, and negligible thermal 
conduction at the footpoin ts, a hydrostatic loop l lRosner et all 1 19781 ; IVeseckv et ai 1 19791 ; 
lAntiochos and NociLll986h reveals a DEM given by 

Q{T)^ pTy'-rn+' 1 (5) 

terav et alLll99ll) . Here, is the loop apex temperature, and 5 and /3 are power-law indices 
of, respectively, the loop cross section area S and the heating power ^ as a function of T: 
S{T) = SqT^ , q{T) = qoT^ , and 7 is the exponent in the cooling function over the relevant 
temperature range: A{T) oc . If T is not close to Ta, then constant cross-section loops 
{8 = 0) have Q{T) cx t^I'^-yI^^ i.e., under typical coronal conditions for non-flaring loops 
{T < 10 MK, 7 w -0.5), the DEM slope is near unity ( iAntiochos and Nocilll98i) . If strong 
thermal co nduction is included at th e footpoints, then the slope changes to +3/2 if not too 
close to jvan den Oord et a]lll997h . For a distribution of loops with different temperatures, 
the descending, high-T slope of the DEM is obviously related to the statistical distribution 
of the loops in Ja; a sharp decrease of the DEM then indicates tha t only few loops ar e present 
wit h a temperature ex ceeding the temperature of the DEM peak jPeres et albOOlh . 

lAntiocho'3 (ll98Cf) (see also references therein) discussed DEMs of flaring loops that cool 
by i) static conduction (without flows), or ii) evaporative conduction (including flows), or 
iii) radiation. The DEMs for these three cases scale like (in the above order) 

econd-^l■^ Gevap-r" ', Qr,d ^ T-^+' ■ (6) 

Note that 7 w ± 0.5 in the range typically of interest for stellar flares (5 — 50 MK). All 
above DEMs are therefore relatively flat (slope 1 ±0.5). 

For stellar flares that are too faint for time-resolved spectroscopy, the time-integrated 
DEM for a "quasi-statically" decaying flare is 

gocjl''/'^ (7) 

up to a maximum T that is equal to the temperature at the start of the decay phase ( iMewe et~ai 
Il997h . 

In the case of episodic flare heating (i.e., a corona that is heated by a large number of 
stochastically occurring flares), the average, time-integrated DEM of coronal X-ray emis- 
sion is determined not by the internal thermal structure of magnetic loops but by the time 
evolution of the emission measure and the dominant temperature of the flaring region. In 
the case of dominant radiative cooling, the DEM at a given temperature is roughly inversely 
proportional to the radiative decay time, which implies 



Q{T) cx J-r+i 



(8) 
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up to a ma ximum 7|n, an d a factor of r'/^ less if subsonic draining of the cooling loop 
is allowed llCargillL[l994) . Because the cooling function drops rapidly between 1 MK and 
< 10 MK, the DEM in this region should be steep, Q{T) °c T'^. 

An analytic model of a stochastically flaring corona powered by simple flares ri sing 
instantly to a peak and then cooling exponentially was presented bv lGiidel et all ( |2003|) . As- 
suming a flare distribution in energy that follows a power law (dN/dE E^" , see Sect. l2.4.2l l. 
and making use of a relation between flare peak temperature, Tj,, and peak emission measure 
EMp (Sect. [2A2l i, the DEM is 

f r^/^ afT''+1' < L ■ 

<J.{n°' 'yj.-{h+y)(a-2Si)l(l-Si)+2b+y ,0/7''+^^ > L^i„ 

where ^ relates temperature and density during the flare decay, T °^ n^; from the run of 
flare temperature and emission measure in stellar flares, one usually finds 0.5 ^ ^ <^ 1. The 
parameter b follows from the relation betwee n flare peak t emperature and emission measure, 
EMp = aT^^, where b w 4.3 (see Sect. |2A2l lGude]||2004l) : 7 determines the plasma cooling 
function A as above, A{T) = fT^ (for typical stellar coronal abundances, 7 w —0.3 below 
10 MK, 7w in the vicinity of 10 MK, and 7 w 0.25 above 20 MK). Further, jS describes 
a possible relation between flare decay t ime T and th e integrated radiative energy of the 
flare, E,rocEP, with < ;S < 0.25 (see lGudell[2004l for further details); Lmin is the peak 
luminosity of the smallest flares contributing to the DEM. For a flare-heated corona, this 
DEM model can in principle be used to assess the cooling behavior of flares (i.e., through ^ 
from the low-temperature DEM slope) and to derive the stochastic occurrence rate of flares 
(i.e., through a from the high-temperature DEM slope). 

The above relations can easily be applied to DEMs reconstructed from observed spectra 
provided that DEM slopes have not been imposed as constraints for the inversion process. In 
fact, DEMs derived from stellar coronal spectra almost invariably show a relatively simple 
shape, namely an increasing power-law on the low-temperature side up to a peak, followed 
by a decreasing power-law up to a maximum temperature (Fig. The DEM peak may 
itself be a function of activity in the sense that it shifts to higher temperatures in more active 
stars, often leaving very little EM at modest temperatures and correspondingly weak spectra l 
lines of C, N, and O (see, e.g.. lOrake eTaill2000l : Ffelleschi et a]||2005l : IScelsi et al(l2005l : 
Fig.|2]i. This behavior of course reflects the by now classi c result that "stars a t higher activity 
levels show higher average coronal temperatures" (e.g.. lSchmitt et allll99(t) . Given the ill- 
conditioned inversion problem, many additional features turn up in reconstructed DEMs, 
such as local maxima or minima, but their reality is often difficult to assess. 

Despite the models now available for a description of DEMs, we do not clearly under- 
stand which stellar parameters shape an emission measure distribution. The trend mentioned 
above, a correlation between average coronal temperature and "activity level", is reminis- 
cent of a similar relation for individual stellar flares ("more-energetic flares are hotter"; 
Sect. 12.4.2b . perhaps suggesting a connection between continuous flaring and overall coro- 
nal heating. Other parameters are less relevant. For example, active G stars at very different 
evolutionary stages (e.g., giants, main-sequence stars, pre-main sequence stars), with differ- 
ent c oronal abundances and surface gravities may reveal very similar DEMs dScelsi et"ail 
l2005h . 

A principal finding of major interest are the unusually steep low-J sides of DEMs of ac- 
tive stars, with slope s in th e rang e of 2-5 (Drake et al, 2000; Behar et al, 2001; Mewe etal 
l200ll ; lArgiroffi et aili2003l ; lGudel et ail2003l ; lTelleschi et alil2005l ; IScelsi et alil2005h . There 
is evidence that the slopes increase with increasing activity, as again illustrated in Fig. |2] 
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54 F 




log T{K) 

Fig. 2 DEMs derived from spectra of stars at different activity levels. The black histogram refers to the solar 
coron a. Note the steeply increasing distributions for stars at higher activity levels. (Adapted from lScelsi et all 
1200^ .) 



Such slopes clearly exceed values expected from hydrostatic loops (1-1.5). Numerical sim- 
ulations of loops undergoing repeated pulse heating at their footpoints do produce DEMs 
much steeper than the canonical values (Testa et al, 2005). An alternative solution may be 
loops with an expanding cross section from the base to the apex. In that case, there is com- 
paratively more hot plasma, namely the plasma located around the loop apex, than cooler 
plasma. The DEM would consequently steepen. 

St eep DEMs have also been interpre t ed in terms of continiial flari ng using Eq.l9l( lGudel et all 

l2003l : lAudardetalll2004 



Maggio etal 2004 Telleschi et all l2005h . For solar analog stars 



at different activity levels. iTelleschi et all ( 120051) used the high-T" slope of the DEMs to infer 
a = 2. 1 — 2.8 for the flare energy distribution (Sect. l2A2l l. suggesting that the ensemble of 
"weak", unresolved flares may generate the observed X-ray emission. Radiative flare ener- 
gies in the range of 10^ ^ — 10^" erg s ~' wo uld be required. From the DEM of the rapidly 
rotating giant FK Com, 'Audard et a J ll2004l) inferred a steep flare energy distribution with 
a = 2.6 — 2.7; such distributions produce relatively flat light curves in which individual, 
strong flares are rare, compatible with the observations. 



2.3 Coronal structure from X-ray spectroscopy 

Understanding stellar coronal structure goes a long way in understanding stellar magnetism 
and dynamos. The distribution of magnetic fields near the stellar surface diagnoses type 
and operation of the internal magnetic dynamo; the structure of coronal magnetic fields is 
relevant for the energy release mechanism and determines the thermal structure of trapped 
hot plasma. Further, extended magnetic fields may connect to the companion star in close 
binaries, or the inner border of circumstellar disks in TTS or protostars; additional physical 
processes such as angular momentum transfer or mass flows are important consequences. 

Despite a suite of methods to infer some properties of coronal structure, all available 
methods are strongly affected by observational bias. This is principally due to the fact that 
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the defining constituent of a corona, the magnetic field itself, is extremely difficult to mea- 
sure; coronal structure is mostly inferred from observable signatures of magnetically con- 
fined, hot plasma (as seen in the EUV or X-ray range) or trapped energetic particles (as seen 
in the radio range). Considering the complexity of the solar magnetic corona, its large range 
of size scales, and the important role that coronal fine-structure plays, we should not be sur- 
prised that presently available methods provide some limited qualitative sketches of what is 
a much more complex, highly dynamic system driven by continuous release and transfor- 
mation of energy, coupled with mass motions and cooling processes. Before concentrating 
on high-resolution spectrosco pic technique s, we briefly summarize alternative methods and 
results derived from them (see lGude3l2004l for more details). 



2.5.7 Summary of low-resolution spectroscopic and non-spectroscopic X-ray studies 

Hydrostatic loop models jRosner et all Il97 1; IVeseckv et all 1 19791 : ISerio et all Il98lh have 
been extensively used in solar and stellar X-ray astronomy to relate pressure, apex (peak) 
temperature, heating rate, and length of simple, static coronal magnetic loops anchored in the 
photosphere. In its simplest form, a half-circular loop of semi-length L (footp oint to apex), 
press ure p, apex temperature Ta, and heating rate e follows the two relations jRosner et all 
Il978h . 

T.^ = UQQ{pLfl^ e = 9.8 X lOV'^i'"^'"'- (10) 

Measuring, e.g., T.^ and relating the observed Lx to e, the loop length can be inferred, de- 
pending on a surface filling factor / for the loops filled with the observed plasma. Judged 
from such assessments, magnetically active stars require very large, moderate-pressure loops 
with a large surface filling factor, or alternativ ely more solar-sized high-pressure compac t 
loops with very small filling factors (<1%, e.g., ISchriiver et ail989l : [Giampapa et allll99^ . 

Synthetic emission spectra from loop-structure models of this kind have been applied to 
observed spectra of active stars. One typically finds mixtures of magnetic loops ranging from 
cool (1.5-5 MK), moderate-pressure (2-100 dyn cm^^) loops to h ot (10-30 MK) extr eme- 
pressure (10^ — 10^ dyn cm^^) loops reminiscent of flaring loops IVentura et ail l 19981) . We 
need to keep in mind, however, that model solutions are degenerate in the product pL (see 
Eq.llOb. potentially resulting in multiple solutions. Caution should therefore be applied when 
interpreting "best-fit" results based on the assumption of one family of identical magnetic 
loops. 

Coronal imaging by light-curve inversion makes use of the fortuitous arrangement of 
components in binary stars producing coronal eclipses, or a large inclination of the rotation 
axis of a single star resulting in self-eclipses ("rotational modulation"). Image reconstruc- 
tion from light curves is generally non-unique but can, in many cases, be constrained to 
reasonable and representative solutions. In the simplest case, active region modeling, sim- 
ilar to surface spot modeli ng, provides information on the location and size of the domi- 
nant coronal features (e.g.. Iwhite et al|[l99Q) . More advanced image reconstruction meth- 
ods (maximum-entropy-based methods, backprojectio n/clean methods, etc.) provide entire 
maps of coronal emission (e.g.. lSiarkowski eta i Hl996h . A gain, a mixture of compact, high- 



pressure active regions and much more extend ed (w R^), lower-pressure magnetic f eatures 
have been suggested for RS CVn-type binaries dWalter et a]l[l983l : lwhite et a]lll990h . Light 
curves also provide important information on inhomogeneities and the global distribution 
of emitting mat erial; X -ray bright features _have been located on the leading hemispheres 
in binaries (Wa lter et al . 1983i;l0ttmann et alill993h, o r on hemispheres that face the com- 



panion (e.g.. iWhite et al 1990l ; Siarkowski et all T996I) . perhaps suggesting some role for 
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intrabinary magnetic fields. Such results indicate that even the most active stars are not en- 
tirely filled by X-ray or radio emitting act ive regions, as surface filling factors re ach values 
of sometimes no more than 5-25% (e.g., Iwhite e"tailll990l : lottmann et allll993h . In a few 
special cases, flares have been mapped using the fortuitous eclipsing by a close companion 
star. Such observations have located the flaring structure either at the pole or near the equa- 
tor and have constrai ned the size of the flaring magnetic fields to typically a few tenths of 
j?^. (for exam ples, see Cho i and Dotanill 19981 : ISchmitt and Favatd[l99^ : ISchmitt et"aill2003l : 
ISanz-Forcada et al 2007 ). As a by-product, characteristic electron densities of the flaring 
plasma can be inferred to be of order 10' ' cm^^ , exceeding, as expected, typical non-flaring 
coronal densities (Sect. l233] l. 

Magnetic field extrapolation using surface Doppler (or Zeeman Doppler) imaging of 
magnetic spots has been used in conjunction with X-ray rotational m odulation observatio ns 
to study dis tribution and radial extent of coronal magnetic fields (e.g., Ijardine et ai2002al lbl: 
iHussain et: a l 2002, 2007). Although permitting a 3-D view of a stellar corona, the method 
has its limitations as part of the surface is usually not accessible to Doppler imaging, and 
small-scale magnetic structure on the surface is not resolved. The type of field extrapolation 
(potential, force-free, etc) must be assumed, but on the other han d, the 3-D coronal m odel 
can be verified if suitable rotational modulation data are available dOregorv et alll20()^ . 

2.3.2 Coronal .•structure from spectroscopic line shifts and broadening 

Doppler information in X-ray spectral lines may open up new ways of imaging coronae of 
stars as they rotate, or as they orbit around the center of gravity in binaries. In principle, this 
method can be used to pinpoint the surface locations, heights, and sizes of coronal features. 
Applications are very limited at the present time given the available X-ray spectral resolving 
power of < 1000. Shifts corresponding to 100 km s^' correspond to less than the instru- 
mental resolution, but such surface (or orbital) velocities are attained only in exceptional 
cases of young, very rapidly rotating stars or rotationally locked, very close binaries. We 
summarize a few exemplary studies. 

Amplitudes of w 50 km s^' and phases of Doppler shifts measured in the RS CVn 
binary HR 1099 agree well with the line-of-sight orbital velocity of the subgiant K star, 
thus locating the bulk of the X-ray emitting plasma on this star, rather than in the intrabinary 
region ( Ayres et al , 2001a ). In contrast, periodic line broadening in the dMe binary YY Gem, 
consisting of two nearly id entical M dwarfs, i ndicates, as expected, that both components are 
similarly X-ray l uminous i Gudel et alll200lh . Doppler shifts in the RS CVn binary AR Lac 
jHuenemoerder et al, 2003) are compatible with coronae on both com panions if the plasma 
is close to the photospheric level. For the contact binary 44i Boo, IBrickhouse et a 
reported periodic line shifts corresponding to a total net velocity change over the full orbit 
of 180 km s^' . From the amplitudes and the phase of the rotational modulation, the authors 
concluded that two dominant X-ray sources were present, one being very compact and the 
other being extended, but both being located close to the stellar pole of t he larger companion. 
Simil ar results have been obtained for another contact binary, VW Cep jHuenemoerder etal 
l2006h . revealing that almost all X-rays are emitted by a relatively compact corona (height 
0.06-0.2^,) almost entirely located on the primary star. 

Applications are more challenging for rapidly rotating single stars. iHussain et a il( l2005h 
did find periodic line shifts in the spectrum of the young AB Dor which, together with 
light curve modulation, suggested a coronal model consisting of a relatively low-lying dis- 
tributed corona (height < 0.5 W*) and several more compact (height < 0.3 7?*) active re- 
gions. This result, when combined with coronal extrapolations from surface Doppler imag- 
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ing and spectroscopic coronal density measurements, further constrains the corona to heights 
of 0.3 — 0.4 Rsf, an d reasonable 3-D models of the coronal structure can be recovered 
jHussain et ail2007h . 

A compre hensive study of l ine shifts and line broadening has been presented for the 
Algol binary l lChung et aiHooii . Periodic line shifts corresponding to a quadrature radial 
velocity of 150 km s^^ clearly prove that the X-rays are related to the K subgiant. However, 
the amplitude of the shifts indicates that the source is slightly displaced toward the B star, 
which may be the result of tidal distortions by the latter. Excess line broadening (above 
thermal and rotational broadening) can be ascribed to a radially extended corona, with a 
coronal scale height of order one stellar radius, consistent with expected scale heights of hot 
coronal plasma on this star. 

A rather predestined group of stars for this type of study are the rapidl y rotating single gi- 
ants o f the FK Com class, thought to have resulted from a binary merger jBopp and Stencej 
Il98lh . With surfa ce velocities of ord er 100 km s^^ shifts or broadening of bright lines 
can be measured. lAudard et all ( |2004|) found significant line broadening corresponding to 
velocities of about 100-200 km s^' in the Kl III giant YY Men; the broadening could in 
principle be attributed to rotational broadening of a coronal source above the equator, con- 
fined to a height of about a pressure scale height (w 3W*). YY Men's extremely hot corona 
(T w 40 M K), however, makes Doppler thermal broadening of the lines a more plausible 
alternative ( lAudard et ai l2004f) . The prototype of the class, FK Com, also shows indica- 
tions of line shifts (of order 50-150 km s^') and marginal suggestions for line broadening. 
The X-ray evidence combined with contemporaneous surface D oppler imag i ng sugg ests the 
presence of near-polar active regions with a height of w l/?» jPrake etall I2008al) . Taken 
together with other observations, there is now tentative evidence for X-ray coronae around 
active giants being more extended (relative to the stella r radius) than main -sequence coro- 
nae, which are predominantly compact (height ^ 0.4j?t. lDrake et ajboOSah . 



2.3.3 Inferences from coronal densities 

High-resolution X-ray spectroscopy has opened a window to coronal densities because the 
X-ray range contains a series of density-sensitive lines; they happen to be sensitive to ex- 
pected coronal and flare plasma densities. Electron densities have mostly been inferred from 
line triplets of He-like ions on the one hand and lines of Fe on the other hand. We briefly 
review results from these in turn, and then summarize implications for coronal structure. 

Coronal densities from He-like triplets He-like triplets of C V, N VI, O VII, Ne IX, Mg XI, 
and Si XIII show, in order of increasing wavelength, a resonance (r, li^ ^Sq-\s2p iPi), 
an intercombination ((', \s^ '^o — \s2p and a forbidden (/, li^ '^p — 1.^2.; ^Si) line 

(Fig. [3ll. The ratio between the / and i fluxes is sensitive to density lOabriel and JordanI , 
Il969i) for the following reason: if the electron collision rate is sufficiently high, ions in the 
upper level of the forbidden transition, 1^2.? ^Si, do not return to the ground level, 1.?^ ^Sq, 
instead the ions are coUisionally excited to the upper level of the intercombination tran- 
sitions, ls2p ^P\2, from where they decay radiatively to the ground state (for a graphical 
presentation, see Fig.|4li. 

The measured ratio M = f ji of the forbidden to the intercombination line fluxes can be 
approximated by 

■^0 



14 




6.50 6.60 6.70 6.BD 6.90 9.1D 9.20 9.J0 9.40 

Wavelength (A) Wavelength (A) 




13.35 13.5) 13.63 1 J.Sfl H,00 21,50 21.69 2i.ea 22.06 22.25 

Wnve length (A) Wgveienqth (A] 



Fig. 3 He-like triplets of Si XIII (upper left), Mg XI (upper right), Ne IX (lower left), and O VII (lower right) 
extracted from the CHANDRA LETGS spectrum of Capella. Multi-line fits are also shown. The horizontal 
lines indicate the continuum level. (From Ar girofti et al 2003. ) 



Table 1 Density-sensitive He-like triplets" 



Ion 


X{rJ,f) (A) 




Nc 


log «e range' 


T range" (MK) 


Cv 


40.28/40.71/41.46 


11.4 


6x 10** 


7.7-10 


0.5-2 


NVI 


28.79/29.07/29.53 


5.3 


5.3 X 10' 


8.7-10.7 


0.7-3 


Ovii 


21.60/21.80/22.10 


3.74 


3.5 X 10'" 


9.5-11.5 


1.0-4.0 


NelX 


13.45/13.55/13.70 


3.08 


8.3 X 10" 


11.0-13.0 


2.0-8.0 


MgXI 


9.17/9.23/9.31 


2.66'' 


l.Ox 10'3 


12.0-14.0 


3.3-13 


Si XIII 


6.65/6.68/6.74 


2.33'' 


8.6 X 10'' 


13.0-15.0 


5.0-20 



"data derived from^orguetetal QOOT) at maximum formation temperature of ion 

'range where M is within approximately [0.1,0.9] times .3?o 

'^range of 0.5-2 times maximum formation temperature of ion 

''for measurement with CHANDRA HETGS-MEG spectral resolution 



where Mo is the limiting flux ratio at low densities and Nc is the critical density at which M 
drops to ^0/2 (we ignore the influence of the photospheric ultraviolet radiation field for the 
time being; see Sect. l3.6l and l4.2.l1 below). Table [T] contains relevant parameters for triplets 
interesting for coronal studies; they refer to the case of a plasma that is at the maximum 
formation temperature of the respective ion (for detailed tabulations, see IPorquet etall200lh . 
A systematic problem with He-like triplets is that the critical density Nc increases with the 
formation temperature of the ion, i.e., higher-Z ions measure only high densities at high T, 
while the lower-density analysis based on C V, N VI, O VII, and Ne IX is applicable only to 
cool plasma. 
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Fig. 4 Schematic diagram showing the origin of the^ir lines in a He-like ion. 



He-like triplets are usually brigh t in coronal spectra and have therefore been used ex- 
tensively for density estimates (e.g.jMewe et a iNess et alll20 01). Large samples of 

■ (I2OC 



coronal stars were surveyed by Nes s et al ( 2004 ) and Testa et a 112004a). Although density 



estimates are roughly in line with experience from the solar corona (at least as far as analy- 
sis of the O VII triplet forming at temperatures of Ri2 MK is concerned), several systematic 
features have become apparent. The following trends predominantly apply to O VII derived 
densities: 

- Low-activit y stars tend to show low densities (ofte n represented by upper limits), i.e., 
logHe < 10 jNess et a]l[200ll : lRaassen et alll2003bl) . 

- Higher densities significantly measured by the Ovil triplet, i.e., logng = 10—11, are 
only reported from magnetically active stars, many of which are located on the main 
sequence. Examples include very active solar analogs, very young K dwarfs such as AB 
Dor, or active M dwarfs (even higher densities have been reported for accreting TTS; 
see Sect. [12]). 

- For evolved active binaries (RS CVn binaries, contact binaries), both density ranges are 
relevant. 

Higher-Z triplets are more difficult to interpret, in particular because the range of sensitivity 
shifts to higher density values that may exceed coronal values. These triplets are also sub- 
ject to more problematic blending, which is in particular true for the Ne IX triple t that suffers 
from extensive blending by line of Fe, specifically Fe XIX jNess et al l2003al) . iMewe et"ail 
1200 li) found «e > 3 X 10'^ cm ^ for Capella from an analysis of Mg XI and Si XI II, but 
the re sults disagree with measurements using fi nes o f Fe XX-XXII i Mewe et a i l200ll) . Sim- 



in- 



ilarly, lOsten et all ( l2003h . lArgkoffi et ail l l2003l) . and iMaggio et ail I2OO4I) found sharply 
creasing densities moving from coole r to hotter plasma, with densities reaching up to order 
10 cm^ . But the trend reported bv lOsten eta3 ( l2003h is contradicted by the analysis of 
Si XIII that indicates Wg < lO" cm^^ despite its similar formation temperature as Mg XI. The 
high-density results have been questioned altogether from detailed analyses of the Capella 
and II Peg spectra, f or which upper l imits to electron densities have been derived from Ne , 
Mg, and Si t riplets dCanizares etal I2OO0I : lAvres et all 1200 id : iHuenemoerder et all 1200 ll 

IPhiUips etalll200lh . 

The most deta iled analyses of the higher-Z triplets are those by iNess et ail ( |2004|) and 
iTesta et ^( l2004al) . Ne IX density measurements are typically higher than those using O VII, 
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covering the range of Iorwr = 11 — 12 despite the significant temperature overlap between 
the two ions jNess et aiHooi) . Unrecognized blends in the Ne IX triplet may still be prob- 
lematic. M gXl and Sixill sys tematically yield even higher densities for various types of 



active stars. 



Testa et all ( l2004al) report Mg-derived densities of a few times 10^^ cm with 



a trend for stars with higher Lx/^boi to show higher densities, a trend paralleling suggestions 
from O VII (see above) albeit for much higher densities. The situation is less clear for Si XIII 
as most measured /// flux ratios exceed the theoretical upper limit. 



Coronal densities from Fe lines Many transitions of Fe ions are sensitive to density as well 
terickhouse et all 1995h . Li ne ratios of Fe XIX-XXII in the EUV range have freque ntly been 
used for density estimates jPupree et all 1 19931 : ISchriiver et al . 1995; Sanz-Fo rcada et all 
l2002h . resulting in relatively high densities in magnetically active stars. Given the forma- 
tion temperatures of the respective Fe ions, reported densities in the range of lO'^ cm^-^- 
lO'-' cm^-* are, however, in agreement with densities inferred from Mg XI (see above). 

For inactive and intermediately active stars such as Procyon, a Cen, e Eri, or Boo 
A, much lower de nsities, n^. < 10" ^ cm~-^, are inferred from lower ionization stages of 
Fe (e.g., Fex-xiv ; iMewe et alll 19951: ISchmitt et a]||l994 1 19961 : ISchriiver and HaischHl99"^ : 
iLamingetal 19961 : 



Laming and Drakelll999h . 



A number of conflicting measurements are worthwhile to mention, however. Measure- 
ments using Chandra spectroscopy have shown systematic deviations from earlier EUVE 
measurements, perhaps due to blending affecting EUVE spectroscopy ( iMewe etalLl200lh . 
For the active Al gol. Nes s etal ( 2002) report rather low densities of log«e ^11-5 from 
Fe XXI. Similarly. IPhillips et a] J200lh concluded that Fe XXI lin e ratios indicate de nsities 
below the low-density limits for the respective ratios (log«e < 12). lAyres et all 12001 b l) found 
contradicting results from various line ratios for the giant jS Cet, suggesting that densities 
are in fact low. F urther conflicting measurements of this kind have been summarized by 
iTesta et a il ( l2004al). and a syst ematic consideration of Fe-based density measurements was 
presented by Ness et all ( |2004|) . The latter authors found that all Fe line ratios are above the 
low-density limit, but by an approximately constant factor, suggesting that all densities are 
compatible with the low-density limit after potential correction for systematic but unrecog- 
nized blends or inaccuracies in the atomic databases. 

The present situation is certainly unsatisfactory. Contradictory measurements based on 
different density diagnostics or extremely (perhaps implausibly) high densities inferred from 
some line ratios make a reconsideration of blending and the atomic databases necessary. Bias 
is also introduced by high low-density limits: any deviation of flux ratios into the density- 
sensitive range, perhaps by slight blending, by necessity results in "high densities" while 
lower densities are, by definition, inaccessible. 



Coronal structure from density measurements Density measurements in conjunction with 
emission measure analysis provide an order-of-magnitude estimate of coronal volumes V 
(because EM = ngnnV for a plasma with uniform density). Taken at face value, the very 
high densities sometimes inferred for hot plasma req uire compact sources and imply small 
surface filling factors. For example, Mew e et a 3 ( 120011) estimated that the hotter plasma com- 
ponent in Capella is confined in magnetic loops with a semi-length of only L < 5 x 10^ cm, 
covering a fraction of / w 10^* — 10^^ of the total surface area. Confinement of such 
high-pressure plasma would then require coronal magnetic field strengths of order 1 kG 
Ifirickhouse and Dupree, 1998). In that case, the typical magnetic dissipation time is only 
a few seconds for n^ w lO'"* cm^"* if the energy is derived from the same magnetic fields, 
suggesting that the small, bright loops light up only briefly. In other words, the stellar corona 
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would be made up of n umerous ephemeral loop s ources that cannot be treated as being in 
quasi-sta tic equilibrium jyan den Oord et a i .ll997h . 



Both Inbss et a and iTesta et a rj2004ah calculated coronal filling factors f for 



plasma emitting various He-like triplets. The total "available" volume, Vavaih for coronal 
loops of a given temperature depends on a corresponding "characteristic height" for which 
the height of a hydrostatic loop (Eq. [TOl l can be assumed. The volume filling factor thus 
derived, y/Vavaih is surprisingly small for cool plasma detected in O VII and Ne IX, namely 
of order a few percent and increasing with increasing activity level. The emission supposedly 
originates in solar-like active regions that cover part of the surface, but never entirely fill the 
available volume. With increasing magnetic activity, a hotter component appears (recall the 
general correlation between average coronal temperature and activity level, Sect. l2.1b . This 
component seems to fill in the volume between the cooler active regions and contributes the 
bulk part of the emission measure in very active stars although the high densities suggest 
very small loop st ructures and filling factors {L 10^^ resp. / <^ 1% for AD Leo; 
iMaggio et a]||2004l) . Hotter plasma could thus be a natural result of increased flaring in the 
interaction zones between cooler regions. This provides support for flare-induced coronal 
heating in particular in magnetically active stars. The higher densities in the hotter plasma 
components are then also naturally explained as a consequence of flaring (see Sect. |2.4.5] >. 
Explicit support for this picture comes from /// ratios in the active M dwarf AD Leo that 
vary between observations separated by more than a year, higher densities being inferred for 
the more active states; the overall flaring contribution may have changed between the two 
epochs, although a different configuration of active re gions with different average electron 
densities cannot be excluded dMaggio and Nessll2005l) . 

At this point, a word of caution is in order. There is no doubt (cf. the solar corona!) 
that coronal plasma comes in various structures covering a wide range of densities. Because 
the emissivity of a coronal plasma scales with n^, any X-ray observation is biased toward 
detections of structures at high densities (and sufficiently large volumes). The observed //; 
line flux ratios may therefore be a consequence of the density distribution and may not 
represent any existing, let alone dominant, electron density in the corona. Rather, they are 
dependent on the steepness of the density distribution, but because of the n^ dependence, 
they do not even correspond to a linear av erage of the f /i ratio across all coronal volume 
elements. A calculated example is given in lGude]| ( l2004) . 



2.3.4 Inferences from coronal opacities 

Emission lines in coronal spectra may be suppressed by optical depth effects due to res- 
onance scattering in the corona. This effect w as discussed in the context of "anomalously 
faint" EUV lines dSchrij ver et al 1 1 994l . 1 1 995h . now mostly recognized to be a consequence 
of sub-solar element abundances. Resonance scattering require s optical depths in the line 
centers of T > 1, and T is essentially proportional to n^i/T^I'^ ( iMewe e t"af. 1995) where 



is the path length. For static coronal loops, this implies T <^ T^l'^ I Schriiver et al. 19941 ; e.g., 
along a loop or for a sample of nested loops in a coronal volume). 

Optical depth effects due to scattering are marginal in stell ar coronae; initi al attemp ts to 
identify scattering losses i n the Fe XVII A 15.01 were negative i Ness et al , 2001; Mewe et all 



l200ll ; |Phillips et alll200ll ; lHuenemoerder et alll200ll ; lNess et alll2002l ; lAudard et a]ll2003h . 



regardless of the magnetic activity level of the considered stars. Larger survey work by 
Incss et al ( 2003b) again reported no significant optical depth for strong Fe XVII lines and for 
f jr ratios in He-like triplets, after carefully correcting for effects due to line blending. Al- 
though Fe XVII line ratios, taken at face value, do suggest the presence of line opacities, the 
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deviations turned out to be similar for all stars, suggesting absence of line scattering while 
the deviations should be ascribed to systemati c problems in the atomic ph ysics databases- 
Simila r conclusions were reached in work by iHuenemoerder et ail ( l200lh and lOsten et all 
( l2003h using the Lyman series for O VIII, Ne X, or Si XIV. 

More recent survey work bv lTesta et all ( l2004bh and lXesta et all ( |2007|) supports the above 
overall findings although significant (at the 4-5 CT level) optical depths were reported for two 
RS CVn-type binaries and one active M dwarf based on Lya/LyjS line-flux ratios of O VIII 
and Nex. Moreover, the optical depth was found to be variable in one of the binaries. The 
path length was estimated at £ w 2 x 10^'^ Rt — 4 x 10^^^*, with very small corresponding 
surface filling factors, / w 3 x 10^^ — 2 x 10^^. Although rather small, these scattering 
source sizes exceed the heights of corresponding hydrostatic loops estimated from measured 
densities and temperatures. Alternatively, active regions predominantly located close to the 
stellar limb may produce an effective, non-zero optical depth as well. 

We note here that upper limits to optical depth by resonance scattering were also used 
to assess upper limits to source siz es based on simple escape prob ability estimates (e.g., 
IPhilUps et ai200lUMewe et alll200ll) , but caution that, as detailed bv lXesta et all ( l2007h . due 
to potential scattering of photons into the line of sight these estimates in fact provide upper 
limits to lower limits, i.e., no constraint. We should also emphasize that the absence of 
optical depth effects due to resonance scattering does not imply the absence of scattering in 
individual stellar active regions. The question is simply whether there is a net loss or gain of 
scattered photons along the line of sight, and for most coronal sources such an effect is not 
present for the (disk-integrated) emission. 



2.3.5 Summary: Trends and limitations 

Despite a panoply of methods and numerous observed examples, it appears difficult to con- 
clude on how stellar coronae are structured. There is mixed evidence for compact coronae, 
coronae predominantly located at the pole but also distributed coronae covering lower lati- 
tudes. Filling factors appear to be surprisingly small even in saturated stars, as derived from 
rotational modulation but also from spectroscopic modeling, in particular based on measure- 
men ts that indica te very high densities. Larger structures may be inferred from X-ray flares 
(see lGiidelll2004l for a summary). 

We should however keep in mind that strong bias is expected from X-ray observations. 
There is little doubt - judging from the solar example - that coronae are considerably struc- 
tured and come in packets with largely differing temperatures, size scales, and densities. 
Because the X-ray emissivity of a piece of volume scales with n^, the observed X-ray light 
is inevitably dominated by dense regions that occupy sufficiently large volumes. Regions of 
very low density may remain undetected despite large volumes (as an example we mention 
the solar wind!). 

Keeping with our definition of coronae as the ensemble of closed stellar magnetic fields 
containing heated gas and plasma or accelerated, high-energy particles. X-ray observations 
miss those portions of the corona into which hot plasma has not been evaporated, and it 
is likely to miss very extended structures. The latter are favorable places for high-energy 
electrons, and radio interfe rometry has indee d shown extended radio coronae reaching out 
to several stellar radii (e.g.. lMutel et al|[l98^ . 
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2.4 X-ray flares 
2.4.1 Introduction 

A flare is a manifestation of a sudden release of magnetic energy in the solar or in a stellar 
corona. ObservationaUy, flares reveal themselves across the electromagnetic spectrum, usu- 
ally sowing a relatively rapid (minutes to hours) increase of radiation up to the "flare peak" 
that may occur at somewhat different times in different wavelength bands, followed by a 
more gradual decay (l asting up to several hours). Solar X-ray flare classification schemes 
l lPallavicini et alLll977 h distinguish between compact flares in which a small number of mag- 
netic loops lighten up on time scales of minutes, and long-duration (also "2-Ribbon") flares 
evolving on time scales of up to several hours. The latter class involves complex loop ar- 
cades anchored in two roughly parallel chromospheric Ha ribbons. These ribbons define the 
footpoint regions of the loop arcade. Such flares are energized by continuous reconnection 
of initially open magnetic fields above a neutral line at progressively larger heights, so that 
nested magnetic "loops" lighten up sequentially, and possibly also at different times along 
the entire arcade. The largest solar flares are usually of this type. 

Transferring solar flare classification schemes to the stellar case is problematic; most 
stellar flares reported in the literature reveal extreme luminosities and radiative energies, 
some exceeding even the largest solar flares by several orders of magnitude. This suggests, 
together with the often reported time scales in excess of one hour, that most stellar flares 
interpreted in the literature belong to the class of "2-Ribbon" or arcade flares involving con- 
siderable magnetic complexity. We caution, however, that additional flare types not known 
on the Sun may exist, such as flares in magnetic fields connecting the components of close 
binary systems, flares occurring in dense magnetic fields concentrated at the stellar poles, 
reconnection events on a global scale in large stellar "magnetospheres", or flares occurring 
in magnetic fields connecting a young star and its circumstellar disk. 

In a standard model developed for solar flares, a flare event begins with a magnetic insta- 
bility that eventually leads to magnetic reconnection in tangled magnetic fields in the corona. 
In the reconnection region, heating, particle acceleration, and some bulk mass acceleration 
takes place. The energized particles (e.g., electrons) travel along closed magnetic fields to- 
ward the stellar surface; as they reach denser layers in the chromosphere, they deposit their 
energy by collisions, heating the ambient plasma explosively to millions of K. The ensu- 
ing overpressure drives the hot plasma into coronal loops, at which point the "X-ray flare" 
becomes manifest. 

Clearly, understanding the physical processes that lead to a flare, and in particular inter- 
preting the microphysics of plasma heating, is mostly a task for the solar coronal physics 
domain. Nevertheless, stellar flare observations have largely extended the parameter range 
of flares, have added new features not seen in solar flares, and have helped understand the 
structure of stellar magnetic fields in various systems. Most of the information required for 
an interpretation of coronal flares is extracted from "light curve analysis", most importantly 
including the evolution of the characteristic temperatures that relate to heati ng and cooling 
processes in the plasma. A summary of the methodology has been given in iGudell ( |2004| ) 
and will not be addressed further here. High-resolution spectroscopy, ideally obtained in a 
time-resolved manner, adds important information on stellar flares; specifically, it provides 
information for which spatially resolved imaging would otherwise be needed (as in the solar 
case), namely clues on densities in the flaring hot plasma, opacities, and signatures of fluo- 
rescence that all provide information on the size of flaring regions. Furthermore, line shifts 
may be sufficiently large to measure plasma flows in flares. 
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Fig. 5 Flare peak emission measure as a function of flare peak temperature for solar and stellar flares. Note 
the similar trends for so lar and stellar' flares although there is an offset between the regression Hnes. (From 
lAschwanden et al2008l reproduced by permission of the AAS.) 



2.4.2 An overview of stellar flares 

A vast amount of literature on flares is available from the past three decades of stellar X-ray 
astronomy. A collection of results from flare interpretation studies until 2004 is given in 
tabular form in i Gtidell ( I2OO4 I). Here, we summarize the basic findings. 

Increased temperatures during flares are a consequence of efficient heating mechanisms. 
Spectral observations of large stellar flares have consistently s h own electron temperatures 
up to 100 MK, in some cases even more ( iTsuboi eta]lll998l :l Favata and SchmittI , [l999l : 
IOsteneta]ll200l . l2007l) . much beyond typical solar-flare peak temperatures (20-30 MK). 
Somewhat unexpectedly, the flare peak temperature, TJ,, correlates with the peak emission 
measure, EMp (or, by implication, the peak X-ray luminosity), roughly as 

EMpOc7p™-35 (12) 

( lGudell,l2004t) although observational bias may influence the precise power-law index. For 
solar flares, a similar trend holds with a normalizatio n (EM) offset between so lar and stel- 
lar flares - again perhaps involving observational bias ("Aschwanden et al"200 i Fig.[5ll. The 
EMp-Tp rel ation was interpreted based on MHD flare modeling ( Shibata and Yokovamal , 
Il999l . l2002h . with the result that larger flares require larger flaring sources (of order 10 cm 
for the most active stars) while magnetic field strengths (5 w 10 — 150 G) should be compa- 
rable to solar flare values. 

Following the standard flare scenario exposed above, we should expect that a flare re- 
veals itself first in the radio regime through gyrosynchrotron emission from the injected. 
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accelerated electron population, and also in the optical/UV as a result of prompt emission 
from the heated chromospheric region at the loop footpoints. Further, as the electrons im- 
pact in the denser layers, they promptly emit non-thermal hard X-rays (HXR, >10 keV) 
that have indeed been of prime interest in solar flare research. These initial emission bursts 
characterize and define the impulsive phase of the flare during which the principal energy 
is released. The more extended phase of energy conversion, mass motion, and plasma cool- 
ing characterizes the gradual phase. In particular, soft X-ray emission is a consequence of 
plasma accumulation in the coronal loops, which roughly increases with the integral of the 
deposited energy^ A rough correlation is therefore expected between the time behavior of 
the radio, optical/UV, and hard X-rays on the one hand and soft X-rays on the other hand, 
such that the former bursts resemble the time derivative of the increasing soft X- ray light 
curve , -Lr,o,uv,hxr(0 °^ dix(r) /dr, a relation known as the "Neupert Effect" (after lNeupertI 

Il968h . 

The Neupert effect has been observed in several stellar flares (e.g..|Hawlev et a i ll995l : 



iGiidel e t al 200 j; l0sten et a]|2004l2007l : ISmith et a]|2005LlMitra-Kraev et all2005l : see Fig.[S] 
in Sect. l2.4.5] below). in cases with emission characteristics very similar to the standard case 
of solar flares. Such observations testify to the chromospheric evaporation scenario in many 
classes of stars. Equally important is the lack of correlated behavior - also observed in an 
appreciable fraction of solar flares - which provides important clues about "non-standard" 
behavior. Examples of X-ray flares without accompanyin g radio burs t s or ra dio bursts peak- 
ing at the time of the X-rays or later were presented by I Smith et a il l l2005h . In a most out- 
standing case, described by i)sten et al (2005), a sequence of very strong X-ray, optical, 
and radio flares occurring on an M dwarf show a complete breakdown of correlated be- 
havior. While the presence of X-ray flares without accompanying signatures of high-energy 
electrons can reasonably be understood (e.g., due to flares occurring in high-density envi- 
ronments in which most of the energy is channeled into direct heating), the reverse case, 
radio and correlated U-band flares without any indication of coronal heating, is rather puz- 
zling; this is especially true given that the non-thermal energy must eventually thermalize, 
and the thermal plasma is located close to or between the non-thermal coronal radio source 
and the footpoint U-band source. Possible explanations include an unusually low-density 
environment, or heating occurring in the lower chromosphere or photosphere after deep 
penetration of the accelerated electrons without appreciable evaporation at coronal tempera- 
tures ( Osten et al. 2005), but a full understanding of the energy transformation in such flares 
is still missing. 

Lastly, we mention the fundamental role that flares may play in the heating of entire stel- 
lar coronae. The suggestion that stochastically occurring flares may be largely responsible 
for coronal heating is known as the "microflare" or "nanoflare" hypothesis in solar physics 
( |Parkeii[l988t) . Observationally, solar flares are distributed in energy following a power law, 
dA^ /dE = kE^" where dN is the number of flares per unit time with a total energy in the in- 
terval [E,E + dE], and kis a constant. If a > 2, then the energy integration (for a given time 
interval) diverges for E^^ — > 0, i.e., a lower energy cutoff is required, and depending on its 
value, an arbitrarily large amount of energy c ould be related to fl ares. Solar studies indicate 
a values of 1.6 — 1.8 for ordinary solar flares (Crosbv et al, 1993), but some recent studies of 
low-level flaring suggest a = 2.0 — 2.6 (Krucker and Benz, 1998; Parnell and Jupp, 20QO|). 
Stellar studies have provided interesting evidence for a > 2 as well, for various classes of 



^ ISchmitt et al i2008l) report the case of a strong flaie on the M dwarf CN Leo in which an initial thermal 
soft-Xray pulse was observed on time scales of a few seconds during the impulsive flare phase, coincident 
with the optical flare peak. This radiation may originate from the initial plasma heating at the bottom of the 
magnetic loops, at a time when evaporation only starts to fill the loops. 
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Fig. 6 Left (a): The observed spectrum of a large flare on the RS CVn binary II Peg is shown with a spectral fit 
(consisting of two thermal components, a Gaussian for the 6.4 keV Fe Ka line, and a power law for the highest 
energies). The spectrum was obtained by different detectors (above and below wlO keV). The individual 
contributions by the model components are shown dashed and dotted, or by a thin solid line (6.4 keV feature). 
Fit residuals are shown in the bottom panel. - Right (b): E xtract from (a), sh owing the region around the 
6.4 keV Ka feature and the 6.7 keV Fe XXV complex. (From lOsten et all2007l reproduced by permission of 
the AAS.) 



Stars including TTS and G-M - type dwarf stars jAudard et aj l2000l : iKashvap et al l2002l : 
iGudel et ai l2003l : IStelzer et ai l2007l : IWargelin et aj l2008h . There is considerable further 
evidence that flares contribute fundamentally to coronal heating, such as correlations be- 
tween average X-ray emission on the one hand and the observed (optical or X-ray) flare rate 
or UV emission on the other hand. Continuous flaring activity in light curves, in some cases 
with little evidence for a residual, truly constant baseline level, add to th e picture. Evid ence 
reported in the literature has been more comprehensively summarized in iGtidell ( |2004|) . 



2.4.3 Non-thermal hard X-ray flares? 

The X-ray spectrum of solar flares beyond approximately 15-20 keV is dominated by non- 
thermal hard X-rays. These photons are emitted when a non-thermal, high-energy popu- 
lation of electrons initially accelerated in the coronal reconnection region collides in the 
denser chromosphere and produce "thick-target" bremsstrahlung. The spectrum is typically 
a power law, pointing to a power-law distribution of the accelerated electrons (Brown, 197l|). 
Detection of such emission in magnetically active stars would be of utmost importance as 
it would provide information on the energetics of the initial energy release, the particle ac- 
celeration process in magnetic field configurations different from the solar case, the relative 
importance of particle acceleration and direct coronal heating, and possibly travel times and 
therefore information on the size of flaring structures. The presence of high-energy electron 
populations is not in doubt: they are regularly detected from their non-thermal gyrosyn- 
chrotron radiation at radio wavelengths. 

Detection of non-thermal hard X-rays is hampered by the low expected fluxes, but 
also by the trend that large flares produce very hot plasma components that dominate the 
bremsstrahlung spectrum up to very high photon energies (Eq. [T2t . This latter effect has 
clearly been demonstrated in observations successfull y recording X-ray photon s up to about 
100 k eV from large stellar flares jFavata and Schmitdl 19991 jRodono et allll999l ; lFranciosini et all 
l200lh . the extended X-ray spectrum being compatible with an extrapolation of the thermal 
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soft X-ray spectrum. The most promising case has been reported from a very large flare oc- 
curring on the RS C Vn binary II Peg in which activity was recorded up to 100 keV during the 
entire flare episode dOsten et"aill2007l : Fig.[6ll. Although the s pectrum could be interpreted 
with bremsstrahlung from a very hot, w300 MK component, lOsten et III ( l2007h favored a 
non-thermal interpretation, arguing that conductive losses would be excessive for a thermal 
component; also, the concurrent Fe Ka 6.4 keV emission recorded during the flare may be 
the result from non-thermal electron impact ionization rather than from photoionization flu- 
orescence (Sect. l2A4l l. given the high hydrogen column densities required. However, while 
suggestive, these arguments remain somewhat inconclusive; first, conductive losses across 
extreme temperature gradients cannot exceed the free-streaming electron limit at which con- 
duction saturates. Second, the hard component persists into the flare decay phase, at high 
levels, unlike in solar flares. And third, recent detailed fluorescence calculations suggest that 
the observed Fe Ka feature can in fact be explai ned as ar ising from photoio nization , while 
the impact ioniza tion mechanism is inefficient jPrake e t al, 2008b; Ercola no et a I l2008l ; 
iTesta et a iL l2008ah . Unequivocal detection of non-thermal hard X-rays from stellar coronae 
remains an important goal, in particular for future detectors providing high sensitivity and 
low background up to at least 100 keV. 

2.4.4 Fluorescence and resonance scattering during stellar flares 

Photoionization of cool material by X-ray photons above the Fe K edge at 7. 1 1 keV produces 
a prominent line feature at 6.4 keV (Fe Ka feature; see Sect. 13.91 for further details). This 
feature is usually too faint to be detected in any stellar X-ray spectrum; exceptions include a 
few TTS for which fluorescence on the circumstellar disk due to irradiation by stellar X-rays 
has been proposed (Sect. [T9l l. In more evolved stars, 6.4 keV Ka emission would originate 
from the stellar photosphere, but has so far been detected in only two ca ses. Prominent Fe 
Ka emission was recorded from a giant flare on the RS CVn binary II Peg dOsten et all2007l ; 
Fig.[6j5), although a model based on electron impact io nization was put forward, as discussed 
above (Sect. [2A3l i. More recently, iTesta et all ( l2008ah presented evidence for photospheric 
fluorescence in the single G-type giant HR 9024, using detailed fluorescence calculations to 
estimate a source height of < 0.3/?, (/?* = 13.6/?©). 

Resonance scattering (Sect. 12.3.41 ) is another potential method to measure the size of 
flaring coronal structures. A suppression of the strong FeXVll A 15.01 line compared to 
the FeXVll A 16.78 line was recorded during a flare on AB Dor (Fig.|7]l and interpreted in 
terms of an optical de pth of 0.4 in the line center, implying a path length of order 8000 km 
jMatranga etalbOOSh . 



2.4.5 Flare densities: Evidence for evaporation 

According to the standard flare scenario, densities in flaring loops should largely increase as 
a consequence of chromospheric evaporation. This is the essential cause of the large emis- 
sion measure increase in the flaring corona. Spectroscopic density measurements in solar 
flares using He-like triplets (Sect. 12.3.3b confirm this picture, suggesting density increases 
to several t i mes l O'^ cm^^ jMcKenzie etailll98Cll ; lDoschek et a]lll98ll ; |Phillips et alll 19961 ; 
iLandi et all[2003l) . 

Stellar evidence is still limited given the high signal-to-noise ratio required for short 
observing intervals. First significant spectral e vidence for strong densit y increases were re- 
ported for a large flare on Proxima Centauri JOiidel et al l2002l |2004|) . both for the O VII 
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Fig. 7 Evidence for optical deptli effects due to resonance scattering. The plot shows the observed spectrum 
(solid), the predicted spectrum (dashed, slightly shifted in wavelength for clarity), and the continuum (dotted). 
Although there are discrepancies for several lines, the mod el overprediction of the 15.01 A line is significantly 
larger than during quiescence. (From lMatranga et al2005l reproduced by permission of the AAS.) 



and (more tentatively) for the Ne IX triplet. The forbidden line in the O VII triplet nearly dis- 
appeared during the flare peaks, while a strong intercombination line showed up (Fig. [Hi. 
The derived densities rapidly increased from a pre-fiare level of < lO'" cm^-' to w 
4 X lO'^ cm^-' at flare peak, then again rapidly decayed to w 2 x 10^" cm^^, to increase again 
during a secondary peak, followed by a gradual decay. The instantaneous mass involved in 
the cool, O VII emitting source was estimated at w 10^^ g, suggesting similar (instantaneous) 
potential and thermal energies in the cool plasma, both of which are much smaller than the 
total radiated X-ray energy. It is therefore probable that the cool plasma is continuously 
replenished by the large amount of material that is initially heated to higher temperatures 
and subsequently cools to O VII forming temperatures and below. The meas ured densities 
agree well with estimates from hydrodynamic simulations ( iRealeet all [20041) and, together 
with light curve analysis, provide convincing evidence for the operation of chromospheric 
evaporation in stellar flares. 

Marginal signatures of increased densities during flares have been suggested from He - 
like triplet flux ratios for several further stars, in particular for YY Gem dStelzer et alLl2002l) 
of_CrB (Osten et al, 2003) , A D Leo ( van den Besselaar et al, 2003), AT Mi c ( iRaassen et all 
l2003ij) , AU Mic dMagee etli]ll2003l) , and CN Leo jpuhrmeister et ail2007h . 



2.5 The composition of stellar coronae 
2.5.1 The FIP and IFIP ejfects 

Studies of element abundances in stars are of fundamental interest as they contribute to our 
understanding of galactic chemistry and its evolution as well as to refined models of stellar 
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Fig. 8 Evolution of a large flare on Proxima Centauri. The upper panel shows the X-ray light curve together 
with the short pulse in the U band peaking at about 17:05 UT. The large crosses show electron densities 
during the intervals defined by the horizontal arms, derived from the O VII line triplet fluxes (the density 
scale is given on the right y axis). The triplets for the five intervals are shown in the bottom panel, marked 
"Q" for quiescence and "1" - "4" for the four flare episodes. The three marks in the upper parts of the figures 
show the location s of the resonance, intercombination, and forbidden lines (from left to right). (Adapted from 
iGudel et alll200l ) 



interiors. The composition of material available in young stellar environments is of course 
also relevant for the planet-formation process. 

The composition of stellar material could change as it is driven from the surface into 
the corona or the stellar wind, owing to various fractionation processes. Specifically, el- 
ements with a low first ionization potential ("low-FIP" elements Mg, Si, Ca, Fe, Ni) are 
predominantly ionized at chromospheric levels, while high-FIP elements (C, N, O, Ne, Ar, 
and marginally also S) are predominantly neutral. Ions and neutrals could then be affected 
differently by electric and magnetic fields. 

It is well known that the composition of the solar corona and the solar wind is indeed at 
variance with the photospheric mixture; low-FIP elements are enhanced in the corona and 
the wind by factors of a few, whe reas high-FIP el ements show photospheric abundances (this 
is the essence of the "FIP effect"; lFeldman|[l992h . There are considerable variations between 
different solar coronal features, e.g., active regions, quiet-Sun regions, old magnetic loop 
systems, or flares. A discussion of the physics involved in this fractionation is beyond the 
scope of this r evie w, and in fact a universally accepted model does not yet exist; see, e.g., 
iHenouxl ( 1 19951) and lDrakel ( l2003al) for a few selected model considerations. 

Although a solar-lik e FIP effect could be identified in a couple of nearby stars base d 
on EUVE observations jLaming et al Il996l ; iLaming and Drakel 1 19991 ; brake et all Il997h . 
early observations of magnetically active stars started painting a different - and confusing 
- picture when abundances were compared with standard solar photospheric abundances 
(assumed to be similar to the respective stellar composition). In many low-resolut ion spectra, 
unusually weak line complexes required significantly subsolar abundances (e.g. Jwhite et all 
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Fig. 9 Coronal abundances as a function of FIP, normalized to the coronal abundance of Fe. Left (a): AB Dor, 
an example for an inverse-FIP effect (data from Garcia-Alvarez et al 2005). - Middle (b): EK Dra, an interme- 
diate case, showing increasing abundances toward the lowest and highest FIP (data from Telleschi et al 2 00a). 
- Rig ht (c): 71^ UMa, an intermediately active star showing a solar-like FIP effect (data from . Telleschi et all 



1 1994 lAntunes et all 1 19941: iGotthelf et a 1 119941 and many others) a so confirmed by EUVE 



observations (e.g.. lStem et a ll ll995h . 



A proper derivation of abundances requires well-measured fluxes of lines from different 
elements, and this derivation is obviously tangled with the determination of the emission 
measure distribution. It is therefore little surprising that at least partial clarification came 
only with the introduction of high-resolution X-ray spectroscopy from XMM-Newton and 
Chandra. High-resolution X-ray spectra of magnetically active stars revealed a new trend 
that runs opposite to the solar FIP effect and that has become known as the "inverse FIP 
(IFIP) effect". Coronae expressing an IFIP e ffect show low-FIP ab undances systematically 
depleted with respect to high-FIP elements llBrinkman et a]||200l] : see example in Fig.[9ll. 
As a consequence of this anomaly, the ratio between the abundances of Ne (highest FIP) 
and Fe (low FIP) is unusua lly large, of order 10 in some cases, compared to solar photo- 
spheric conditions (see also lOrake et allf200ll : I Aud^d et alll2001l). The IFIP effect has been 
widely con firmed for many active stars or binaries (e.g.. Huene moerder et a 3 l200lU2003l : 
iGarcfa-Alvare z et al 2005). With respect to the hydrogen abundance, most elements in ac- 
tive stars remain, however, depleted. 

The FIP and IFIP effects in fact represent only two extremes in a bigger picture related 
to coronal evolution. With decreasing activity (e.g., as parameterized by the Lx/^boi ratio, or 
the average c oronal temperature) , the IFIP effect weakens until the abundance distribution 
becomes flat ( lAudard et all l2003l ; ball et ^ |2005|) . and eventually turns into solar-like FIP 
trend for less active stars with logLx/iboi ^ — 4 or an average coronal temperature ^ 7 — 
10 MK ( iTelleschi et"ail2005l : lOudel 2004; Fig. [111. At this critical activity level, we also 
observe that the dominant very hot plasma component disappears. This trend is best seen in 
the Ne/Fe abundance ratio (high-FIP vs. low-FIP) that decreases by an order of magnitude 
from the most active to the least active coronae (Fig. [TOk). On the high-activity side, the 
trends continue into the "supersaturation regime" (Sect. 12. It of the fastest rotators, where 
Lx/^boi converges to w lO^-' and becomes unrelated to rotation; for these stars, the Fe 
abundance continues to drop sharply, while the O a bundance continues to incre ase, possibly 
reaching a saturation level for the most active stars dOarcfa-Alvarez et~a iL l2008h . 
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Fig. 10 Left (a): Abundances of Fe and Ne, normalized to tlie solar photospheric values, for a sample of stars 
at different activity levels as characterized by the average coronal temperature. - Right (b): Abundance ratios 
of Me/Fe (both low-FIP elements) and O/Ne (both high-FIP elements), with respect to the solar photospheric 
mixture. Lines connect different measurements for the same star. (From Giidel 2004, ) 



While these trends have been well studied in main-sequence stars and subgiant RS CVn 
binaries, similar trends apply to giant stars. A FI P effect is seen in giants ev olving through 
the Hertzsprung gap and into the red giant phase JOarcfa- Alvarez et a a transforma- 

tion during which stars develop a deep convection zone anew, regenerate magnetic activity 
and become subject to rapid braking. In contrast, strong enhancements of Ne but low abun- 
dances of low-FIP elements characterize the class of extre mely active, rapidly rotating FK 
Com-type giants and active giants in tidally locked binaries dOondoin et alll2002l : lGondoinl , 
E003; . Audard et al 2004). 

Furthermore, the stren gth of the IFIP effect is also a function of the spectral type or 
Tgff of the star. As noted bv lTelleschi et a based on studies of high-resolution X-ray 

spectra, the IFIP trend is much more pronounced in active K and M type stars than in G stars, 
the Fe/0 and Fe/Ne abundance ratios indicating much stronger depletion of Fe in later-type 
active stars. This trend is evident for young main-sequence stars and also for TTS regardless 
of whether they are accreting or not. For TTS, the spectral- type depen dent s t rength of the 
IFIP effect has been confirmed from low-resolution spectroscopy ( fScelsTetalboOTh . 

Variations of these general abundance features have been noted. In some cases, the 
lowest-FIP elements (such as Al, Na, and Ca, sometimes others) seem to show abundances 
in excess of the IFIP trend in active stars, resulting in an abundance distributi on with a mini- 
mum around FIP w 10 eV and increasing trends to both lower and higher FIP ( Sanz-Forcada et al 
l2003l : lArgiroffi et al|[2004l : IScelsi et afcoOSi : iMaggio et allbOO?! : see Fig.|9ll. Some of these 
element abunda nces are extremely difficul t to assess, and conflicting results have been re- 
ported (see, e.g. lOarcfa-Alvarez et afcOOSh . 

Caution must be applied when interpreting stellar coronal abundances as derived from 
high-resolution spectra. First, as we know from the Sun, coronal abundances vary from re- 
gion to region, and they also evolve in time. A stellar spectrum represents a snapshot of 
the integrated corona, averaging out all variations that might be present. Abundance mea- 
surements therefore most likely represent weighted means, and the formal uncertainties do 
not include the true variation in location and time. Extreme precision in the abundance tab- 
ulations may indeed be useless - the important information is in overall trends in stellar 
samples. 



28 



Significant differences have also been found among stars that share most of their funda- 
mental properties; the primary of the intermediately active K star binary 70 Oph shows a dis- 
tinct solar-like FIP effect , while such bias is absent in the otherwise very similar secondary 
l lWood and Linskvll200d) . On the other hand, very similar coronal thermal and abundance 
properties can be found in stars with similar properties but different evolutionary histories; 
examples include two rapidly rotating K stars, the younger of which (AB Dor) still keeps 
its primordial angular momentu m while th e older (V471 Tau) is subject to tidal spin-up due 
to a companion star ( Garcia- Alvarez et a and finally, the post-main-sequence active 

binaries Algol and HR 1099 contain very similar K-type subgiants revealing very similar 
X-ray spectra, a similar coronal thermal structure, and similar coronal abundance patterns 
(except for mass-loss related ab undances of C and N in Algol) despite their fundamentally 
different evolutionary histories ( lDrakel.l2003bh . 

Caution is in order also because the coronal material is processed gas from the stel- 
lar photosphere, and appropriate stellar photospheric abundances should therefore be taken 
as a reference. For most stars of interest such measurements are not available, or are dif- 
ficult to obtain due to, e.g., rapid rotation. Do the FIP and IFIP trends survive once the 
coronal measurements are related to the stellar photospheric composition rather than the 
standard solar mixture? Some reports suggest they do not. Studies of a few individual 
examples with well-meas ured photospheric abundances (iDrake et all 1 19951 : ^Raassen e t all 
I2OO2; Sanz-Forcada et all 12004 ) as well as a larger sample of stars in the Orion Nebula 
i Maggio et a]Ll2007h or a sample of M d warfs (with relatively poorly known photospheric 



Robrade and Schmittll2005h indicate that the coronal abundances reflect the 



metallicities; 

photospheric mix, or at least the global photospheric metallicity, of the respective stars. 
However, while suggestive, these observations must be contrasted with cases for which non- 
photospheric coronal abundances are undisputed. Specifically, IFIP and FIP trends have been 

identified in nearby stars with well-measured near-solar photospheric abundances such as 

AB Dor or several solar analogs dSanz-Forcada et a iHoo 3l; lTelleschi et a l Eooi i lGarcfa-Alvarez et all 
l2005h ; further, the similarity of the FIP or IFIP effects in stars with similar activity levels, 
or the trends depending on activity would be difficult to explain as being due to the photo- 
spheric mixture. Younger (and therefore more active) stars would be expected to be more 
enhanced in metals, contrary to the observed trends. Also, the FIP and IFIP effects would 
reflect a photospheric anomaly of apparently most stars when compared with the Sun. But it 
is the Sun itself that proves otherwise: the solar FIP effect is a true coronal property, suggest- 
ing that equivalent trends observed in stars are, by analogy, coronal in origin as well. Solar 
and stellar flares in which abundances change systematically compared to quiescence sup- 
port this picture further, suggesting genuine FlP-related abundance biases in stellar coronae 
(see Sect. 11331. 

Given the somewhat contradictory findings, it should then not be surprising that there 
is also no fully accepted physical model explaining all types of FIP bias coherently. For 
the normal FIP effect, solar physics has provided several valuable models. Ideas proposed 
specifically for the stellar case involve stratific ation of the atmos phere, with different scale 
heights for ions of different mass and charge ( iMewe et"ail 1 1 997h : enrichment of the coro- 
nal plasma by some type of "anomalous flares" also seen on the Sun (e.g., Ne-rich flares; 
ISrinkman et all 2001 )\ electri c currents that affect diffusion of low-FIP elements into the 



corona 



('Te lleschi et all I2OO5I) ; or a recent model based on a resonance between chromo 
spheric Alfven waves and a coronal loop, explaining either a FIP or an IFIP effect ( Lamind, 
I2OO4I) . Given the present uncertainties, we do not elaborate further on any of these models 
in the stellar context. 
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2.5.2 The Ne/0 abundance ratio: an indicator of magnetic activity? 

Not only stellar photospheric abundances remain uncertain for most stars commonly ob- 
served in X-rays, but tabulations of the solar photospheric composition themselves have 
seen various revisions in the recent past. The solar composition is a determining factor for 
the de pth of the solar convective zone, and the abundances given by iGrevesse and Sauval 
( Il998h . widely used in the stellar community, have led to an excellent agreement with the 
"standard solar model" describing the solar interior. The latest revision, correcting solar C, 
N, and O abundances downward l lAsplundetall2005bl). however le d to serious disagree- 
ment with the observed helioseismology results teahc all etalll2005h . Regardless of these 
revisions, the absolute solai' Ne/0 abundance ratio remained at similar levels of 0.15-0.18. 

The helioseismology problem could be solved by adopting a solar photospheric Ne 
abundance higher by a factor of about 3-4 , or somewhat less if slight re-adjustments are 
also made for CNO tAntia and Basul [20051) . There is freedom to do so as the photospheric 
Ne abundance is not really well known, given the absence of strong photospheric Ne lines 
in the optical spectrum. 

iTelleschi et all ( l2005l) were the first to point out that the systematically non-solar coro- 
nal Ne/O abundance ratios measured in several solar-analog stars (offset by similar factors) 
may call for a revision of the adopted solar photospheric Ne abundance, thus at the same 
time solving the solar helioseismology problem. Although X-rays measure coronal abun- 
dances, the derived stellar coronal Ne/0 ratios indeed seem to be consistently high (by a 
factor of 2-3) for stars of various activity levels when compared with the adopted solar pho- 
tospheric value; given that both O and Ne are high-FIP elements, the assumption here is 
that the coronal abundance r atio faithfully reflects th e photospheric composition. This was 
further elaborated in detail bv lOrake and Testal ( l2005 h who suggested a factor of 2.7 upward 
revision of the adopted solar Ne abundance. However, as part of a subsequent debate, anal- 
ysis of solar active region X - ray sp ectra and of EUV spectra from transition-region levels 
dSchmelz et a 1 120051 : 1 Youn3 . l2005h both reported robust Ne/0 abundance ratios in agree- 



ment with the "standard" ratios, rejecting an upward correction of Ne. 

A m ajor problem may in fact be due to selectio n effects, as initially disc ussed bv lAsplund et all 
l l2005a ^. Most of the stars in the sample studied bv torake and Testal ( |2005|) are magnetically 
active stars with coronae unlike that of the Sun. The only stars considered with activity in- 
dicators Lx/iboi in the solar range were subgiants or giants; in one case (Procyon) different 
Ne/0 abundance ratios, some in agreement with the solar value, can be found in the pub- 
lished lite rature, and two further reports on a Cen and j8 Com suggest values close to the 
solar mix. Asplund et a il ( l2005al) therefore proposed that the Ne/0 ratio is activity depen- 
dent, high values referring to magnetically active stars while lower, s olar-like values refer to 
inactive, "solar-like" stars. This echoes suggestions already made bv lBrinkman et all ( 1200 ih 
for the high Ne abundance seen in a very active RS CVn-type binary to be possibly due to 
flaring activity. The dependence of the Ne/0 a bundance ratio on activity is in fact fully re- 
covered in a statistical compilation presented in lGude]| | |2004l) (Fig.[T0l3). These suggestions 
have meanwhile been confirmed from high-resolution spectroscopy of low-activity stars in 
the solar neighborhood (including the above objects), indicating an abundance ratio of Ne/0 
w 0.2 ± 0.05 for the Sun and weakly active stars, increasing to Ne/O w 0.4 — 0.5 for mag- 
netically active stars jLiefke and Schmit3 . l2006l ; lRobrade et a iHooi). 

The solar Ne/O ratio is thus in line with coronal abundances of inactive stars, i.e., the 
ratio is low as adopted by both the older and revised solar abundance lists. A selective 
increase of the solar Ne abundance to reconcile measurements of solar composition with 
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Fig. 11 Comparison of a spectrum taken during a large flare on the RS CVn-type binary a Gem (orange) with 
a spectrum taken during the quiescent stage (black). An ad-hoc continuum has been added to the quiescent 
spectrum to match the flare spectrum (because of the broad-band nature of the bremsstrahlung continuum). 
The lowest spectrum shows the residuals "fl are - quiescenf . N ote that only short-wavelength lines forming 
at high temperatures react to the flare. (From lNordon et all200d ^ 



helioseismology results seems to be ruled out. The discrepancy with the solar model may 
require other modifications yet to be identified. 

2.5.3 Abundance changes in flares 

The chromospheric evaporation scenario for flares predicts that bulk mass motions emerg- 
ing from the chromosphere fill coronal loops. One would therefore anticipate that any FIP 
or IFIP effect becomes suppressed during large flares, as the corona is replenished with 
material of chromospheric/photospheric origin. This is indeed what has been derived from 
X-ray spectroscopy of stellar flares. Given the commonly observed IFIP trend outside flares 
in active stars, flares tend to enhance low-FIP elements more than high- FIP elements, with 
abundances eventu ally approaching the photospheric composition (e.g.. lOsten et a| 2000l: 



Audard et al '2001"), 5ut such FlP-related abundance changes are not always observed josten et al 
2003; Gudel et al, 2004; Nordon et al, 2006). 

The systematics in FlP-r elate d abundance changes in fl ares was clarified considerably 
bv lNordon and Behad ( l2007h and lNordon and Behad ( l2008h who spectroscopically studied 
14 flares observed with XMM-Newton and CHANDRA. The analysis was performed relative 
to the quiescent emission, i.e., trends are independent of the mostly unknown photospheric 
abundances. The majority of the flares indeed showed a "relative" solar-like FIP effect (with 
respect to quiescence), although relative IFIP effects and absence of relative changes were 
observed as well. The latter case can be explained by flares changing the total stellar emis- 
sion measure only at high temperatures (above 10-20 MK; Fig [TTt . i.e., above limit of 
significant line formation in the 5-20 A range. While flare-induced abundance changes may 
occur, they thus remain undetected as the observable lines are still generated by quiescent 
plasma. 

More interestingly, a clear correlation is apparent between quiescent and flaring com- 
position in the sense that quiescent coronae with a FIP effect typically show a relative IFIP 
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Fig. 12 The abscissa gives the logarithm of the quiescent abundance ratio between low-FIP elements and 
high-FlP elements normalized to solar photospheric values; high values indicate quiescent coronae with a 
solar-like FIP effect, low values coronae with an IFIP effect. The ordinate gives a similar ratio for flares 
normalized to quiescence. Here, high values indicate a relative FIP effect during the flare, and low values a 
relative IFIP effect. Points to the right refer to solar flares. Note th e anticorrelation, indicatin g that flares in 
FlP-effect coronae show a relative IFIP effect and vice versa. (From lNordon and Behaj|2008l .) 

bias during flares, and quiescent IFIP-biased coronae change to a FIP effect (Fig. 1 12b. This 
relation leads to three significant conclusions: First, it confirms the chromospheric evapo- 
ration scenario that posits that fresh, unfractionated chromospheric/photospheric material is 
brought up into the corona; second, it suggests that the observed coronal (I)FIP biases are 
genuine and are not a consequence of the photospheric composition. And third, if active 
stellar coronae are generated by a large number of small-scale flares (Sect. l2A2] ). then these 
should should enrich the corona with FlP-biased material, different from individual large 
flares that reveal an opposite trend. 



3 X-rays from young stellar objects and their environments 

3.1 From protostars to T Tauri stars: coronal properties 

X-ray observations of young, forming stars are ideal to address the question on the first 
appearance of stellar magnetic fields. It is presently unknown whether such fields would 
preferentially be fossil or are generated by emerging internal dynamos. 

A rather comprehensive picture of the X-ray characteristics is available for the latest 
stages of the star formation process, the T Tauri phase when stars are essentially formed 
but may still be moderately accreting from a circumstellar disk. Significant information has 
been collected from large recent surveys conducted wi th XMM-Afewton and CHANDRA 
jGetman et al l2005l : loudel et all 120073 : ISciortind.l2008h . but also from case studies of in- 
dividual, close TTS. In short, as judged from the temperature structure, flaring behavior, or 
rotational modulation. X-ray emission from TTS mostly originates from magnetic coronae, 
with characteristics comparable to more evolved active main-sequence stars. X-rays from 
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CTTS saturate at a level of log(Lx/i'boi) ~ —3.5, again similar to main-sequence stars. Be- 
cause for a typical pre-main sequence association Lboi roughly correlates w ith stellar mass 
A/t, on e also finds a distinct correla tion between Lx an d M^, Lx°^ M]^^" ' jTelleschi et all 
l2007ah . Flaring is common in TTS dStelzer et al, 2007), the most energetic examples reach- 
ing temperatures of w 10^ K dlmanishi et al . 20011. 

Our view of X-ray production in younger phases, protostars of Class I (in which most of 
the final mass has been accreted) and Class (in which the bulk of the final mass is still to 
be accreted) is much less complete owing to strong X-ray attenuation by the circumstellar 
material. Non-thermal radio emission from Class I protostars suggests t he presence not on ly 
of magnetic fields but also accelerated particles in a stellar corona (e.g., I Smith et alll2003h . 

Class I protostars have amply been detected in X-rays by XMM-Newton and CHAN- 
DRA although sample statistics are biased by the X-ray attenuation, favoring detection of 
the most luminous and the hardest sources. Overall, X-ray characteristics are very similar 
to TTS, confirming that magnetic coronae are prese nt at these earlier stage s. A comprehen- 
sive study is available for stars in the Orion region ( Prisinzano et a iL l2ooi) . Here, the X-ray 
luminosities increase from protostars to TTS by about an order of magnitude, although the 
situation is unknown below 1-2 keV. No significant trend is found for the electron tem- 
peratures, which are similarly high (wl-3 keV) f or all detected classes. Again, flaring is 
common in Class I protostars dlmanishi et alll200l[) . 

For C lass objects, a few promising candida t es but n o definitive cases have been identi- 
fied (e.g., Hamaguchi et a il l2005h . lGiardino et all ll2007ah reported several non-detections of 
nearby Class objects, with a "stacked Class data set" corresponding to 540 ks of Chandra 
ACIS-I exposure time still giving no indication for a detection. In the absence of detailed 
information on the absorbing gas column densities or the intrinsic spectral properties, an 
interpretation within an evolutionary scenario remains difficult. 



3.2 X-rays from high-density accretion shocks? 

Accretion streams falling from circumstellar disks toward the central stars reach a maximum 
velocity corresponding to the free-fall velocity. 

This velocity is an upper limit as the material starts only at the inner border of the circum- 
stellar disk, probably following curved magnetic field lines down t oward the star; a more 
realistic terminal speed is ~ O.Svff dCalvet and GuUbrind . Il998h . Upon braking at the 
stellar surface, a shock develops which, according to the strong-shock theory, reaches a 
temperature of 

Ts = — OTpUVm ~ 3.5 X lO*"— (—\ [K] (14) 

(where nip is the proton mass and fi is the mean molecular weight, i.e., fi w 0.62 for ionized 
gas). For typical TTS, M = (0.1 - 1)Mq, R = (0.5 - 2)7?0, and M/R w (0.1 - 1)Mq/Rq and 
therefore w ( 0.4 — 4) x 10^ M K. Such electron temperatures should therefore produce soft 
X-ray radiation ( IUMclJ.ll97d) . The bulk of the ensuing X-rays is probably absorbed in the 
shock, con tributing to its heating, alth ough part of the X-rays may escape and heat the pre- 
shock gas JCalvet and Gullbrind.[l998i) . 
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The pre-shock electron density, ni, can be estimated from the mass accretion rate, M^cc, 
and the surface fiUing factor of the accretion streams, / : using the strong-shock condition 
for the post-shock density, W2 = 4«i , together with Mace ~ ^"^R^fvmnim^ one finds 

which, for typical ste l lar pa rameters, accretion rates, and filling factors / « 0.001 — 0.1 
dCalvet and GuUbringl . Il99^ . predicts densities of order lO" — 10'^ cm^'. Given the ex- 
pected shock temperatures and electron densities. X-ray grating spectroscopy of the density- 
sensitive He-like C V, N VI, O VII, and Ne IX line triplets should be ideal to detect accre- 
tion shocks. We emphasize that in Eq.[T5] the shock density is proportional to Mace//, i-e., 
strongly dependent on the magnetic structure and the accretion rate, but it also depends on 
the fu ndamental stellar properties via/?* ^^^M* jXelleschi et alll2007bl : lRobrade and Schmittl 

l2007h . 

The first suggestion for this mechanism to be at work was made bv lKastner elall ( l2002h , 
based on grating spectroscopy of the nearby CTTS TW Hya. TW Hya's spectrum shows 
an unusually high /// ratio for the Neix triplet, pointing to « lO'^ cm^"'. Also, and 
again at variance with the typical coronal properties of CTTS, the X-ray emitting plasma 
of TW Hya is dominated by a cool component, with a temperature of only T w 2 — 3 MK . 
Similarly high electron densities are suggested from the Ovil triplet ('Stelz er and Schmitn. 
1^04), and supporting albeit te ntative evidence is also found from ratios of Fe XVII line 
fluxes dNess and Schmitd l2005h . Simple 1-D plane-parallel shock models including ion- 
ization and recombination physics can successfully explain the observed temperatures and 
densities, resulting in rather compact accretion spots with a filling factor of w 0.3%, re- 
quiring a mass accre tion rate responsible for the X-ray production of 2 x 10^'° M© yr^' 
l lGuntheretaiil2007h . 

Several further CTTS have been observed with X-ray gratings, although the moderate 
spectral flux of CCTS and the modest effective areas of detectors presently available have 
kept the number of well exposed spectra small (see examples in Fig. [13}. In most cases, 
high densities are present as judged from the O VII and Ne IX triplets, but all spectra are 
dominated by a hot, coronal component with the exception of TW Hya. X-ray emission 
from CTTS may thus have at least two origins, namely magnetic coronae and accretion 
flows. Table [2] summarizes published observations of Ovil triplets in CTTS (and Herbig 
stars, see Sect. 13.61 1 together with derived electron densities. 



3.3 The "X-Ray Soft Excess" of classical T Tauri stars 

Although TW Hya's soft spectrum remains exceptional among CTTS, lines forming at tem- 
peratures of only a few MK reveal another anomaly for seemingly all CTTS, illustrated in 
Fig im This figure compares XMM-Newton RGS spectra of the active binary HR 1099 (X- 
rays mostly from a K-type subgiant), the weakly absorbed WTTS V410 Tau, the CTTS T 
Tau N, and the old F subgiant Procyon. HR 1099 and V410 Tau show the typical signatures 
of a hot, active corona such as a strong continuum, strong lines of Ne X and highly-ionized 
Fe but little flux in the O VII line triplet. In contrast, lines of C, N, and O dominate the 
soft spectrum of Procyon, the O VII triplet exceeding the O VIII Lya line in flux. T Tau re- 
veals a "hybrid spectrum": we see signatures of a very active corona shortward of 19 A but 
also an unusually strong O VII triplet. Because T Tau's A'h is large (in contrast to A'h of the 
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Fig. 13 Three spectra from CTTS (from top to bottom. TW Hya, BP Tau, and V4046 Sgr). Note the stron g 
intercombination Hnes of Ne IX (the middle hne in the line triplet at 13.4-13.7 A). (From lGiinther et all2006l ) 



Other stars), the intrinsic behavior of the O VII line becomes only evident after correction 
for absorption: The O VII lines are in fact the strongest lines in the intrinsic X-ray spectrum, 
reminiscent of the situation in the inactive Procyon. 

While the O VII line triplet remains undetected in almost all WTTS grating spectra de- 
spite the usually low absorption column densities toward WTTS, the same triplet is fre- 
quently detected as an unusually strong feature in CTTS with their typically larger column 
density. This reflects quantitatively in an anomalously large flux ratio, S, between the intrin- 
sic (unabsorbe d) O VI I resonance (r) line and the O VIII Lyg line, defining the X-ray soft ex- 
cess in CTTS ( lGtideil2006l : lTelleschi et alil2007bl : (GMel et a]ll2007 AlOUdel and Telleschil 
l2007h . 

Figure [TSb shows t he S ratio as a fu nction of Lx, comparing CT TS and WTTS with a 
larger MS sample (from lNess et a il l2004l> and MS solar analogs (from iTelleschi et 32005h . 
The trend for MS stars (black crosses and triangles, cf. Eq. |4l Sect. 12.1b is evident: as the 
coronae get hotter toward higher Lx, the ratio of O VII r/Ovill Lya line luminosities de- 
creases. This trend is followed by the sample of WTTS, while CTTS show a systematic 
excess. Interestingly, the excess emission itself seems to correlate with the stellar (coronal) 
X-ray luminosity diagnosed by the Ovill Lya flux (Fig. 115b). The soft excess appears to 
depend on stellar coronal activity while it requires accretion. 

The origin of the additional cool plasma is thus likely to be related to the (magnetic) ac- 
cretion process. One possibility is shock-heated plasma at the accretion furmel footpoints as 
discussed in Sect. |3.2| Alternatively, the cool, infalling material may partly cool pre-existing 
heated coronal plasm a, or reduce th e efficiency of coronal heating in the regions of infall 
jPreibisch et 'a]l i2005l : ITelleschi et alH2007bh . which could explain the correlation between 
the soft excess and the coronal luminosity. Such a model would at the same time explain 
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Table 2 Density measurements in CTTS and Herbig stars based on O VII triplet line fluxes" 



Star 


Spectral 


Mass 


U Vll 


Electron 


Rererence 




type 






density 




Hen 6-300 


M(3+3.5) 




1.0(0.5) 


6x10'" 


Huenemoerder et al ( 2007b 


TWHya 


K8 


0.7^ 


0.054(0.045) 


1.3xl0'2 


Robrade and SchmitI, l.2009) 


RULup 


K 


0.8 


0.26(0.23) 


4.4x10" 


Robrade and SchmitJ (2007h 


BPTau 


K5-7 


0.75'' 


0.37(0.16) 


3x10" 


Schmittet al (2003) 


V4046 Sgr 


K5+K7 


0.86+0.69 


0.33(0.28) 


3x10" 


Gunther et al 1 200l) 


CRCha 


K2 




0.64(0.44) 


1.6x10" 


Robrade and Schmitll l2006h 


MPMus 


Kl 


1.2'' 


0.28(0.13) 


5x10" 


Areiroffi et al l200l) 


TTau 


KO 


2.4'' 


4.0 


<8xlO'" 


LGudel etal (20073) 


HD 104237 


A(7.5-8) 


2.25 




6x10" 


fxesta et al 1 2008al) 


HD 163296 


Al 


2.3 


4.6;>2.6 


< 2.5x10'" 


Gunther and Schmitt 120091) 


AB Aur 


AO 


2.7 


w4 


< 1.3x10" 


Telleschi et al 1 2007c) 



"values generally from references given in last column and further references therein 
''errors in parentheses; 

Si for HD 104237 refers to the Ne IX triplet, O VII being too weak for detection 
''values from Robrade and Schmitt Q007) 
''values from Gudel et al (2007a) 



why CTTS are X-ray weaker than WTTS jPreibisch et al l2005l : IrbTleschi et a]ll2007ah . In 
any case, it seems clear that the soft excess described here argues in favor of a substantial 
influence of accretion on the X-ray production in pre-main sequence stars. 



3.4 Abundance anomalies as tracers of the circumstellar environment? 

Initial studies of a few accreting TTS, in particular the old (w 10 Myr) TW Hya, showed an 
abundance pattern in the X-ray source similar to the IFIP effect although the Ne/Fe abun- 
dance ratio is unusually high, of order 10 with respect to the solar photospheric ratio, and 

the N/0 and N/Fe ratios are enhanced by a factor of w3. 

These anoma lous abundance ratios have been suggested jStelzer and SchmitA |2004 
brake et all l2005h to reflect depletion of Fe and O in the accretion disk where almost all 
elements condense into grains except for N and Ne that remain in the gas phase. If accretion 
occurs predominantly from the gas phase in the higher layers of the disk while the grains 
grow and/or settle at the disk midplane, then the observed abundance anomaly may be a 
consequence. 

Enlarging the sample of surveyed stars has made this picture less clear, ho wever. Several 
CTTS and non-accret ing WTTS h ave revea led large Ne/Fe ratios («4 or higher, Kastner et all 
l2004al : lArgiroffi et alll2005 , 2007|; lTelleschi et al 2005, 2007b; Gunther et al 2006 ), suggest- 
ing that accretion is not the determining factor for the abundance ratio. Similar ratios are 
also found for evolved RS CVn binaries ( lAudard et aill2003b for which the high Ne/Fe is 
a consequence of the inverse FIP effect (Sect. l231 l. On the other hand, the accreting CTTS 
SU Aur revea l s a low Ne/Fe abundance ratio of order unity ( Robrade and Schmitt , l2006l ; 
lTelleschietaill2007bl) . similar to several other massive CTTS (Telleschi et al, 2007y). 

Partial clarification of the systematics has been presented by Telleschi et al (2007b) who 
found that the abundance trends, and in particular the Ne/Fe abundance ratios, do not de- 
pend on the accretion status but seem to be a function of spectral type or surface Tgff, the 
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Fig. 14 Comparison of fluxed XMM-Newton RGS X-ray photon spectra of (from top to bottom) the active 
binary HR 1099, the WTTS V410 Tau, the CTTS T Tau, the T Tau spectrum modeled after removal of absorp- 
tion (using Nyi = 3 X 10^' cm^^), and the inactive MS star Procyon. Note the strong O VII line trip let in T Tau, 
while the same lines are absent in the spectrum of the WTTS V410 Tau. (Adapted from iGiidel and Telleschil 
l2007i ) 



later-type magnetically active stars showing a stronger IFIP effect (larger Ne/Fe abundance 
ratios). The same trend is also seen in disk-less zero-age main-sequence stars. Further, the 
same statistical study showed that the Ne/0 abundance ratio is, within statistical uncertain- 
ties, indistinguishable between WTTS and CTTS (excluding TW Hya, see below), arguing 
against accretion of selectively depleted disk material in these objects. 



A nomalously high Ne/0 abundance rat ios remain, however, for TW Hya jStelzer and Schmitl 
l2004h and V4046 Sgr ('Gunther et al','2006^ when compared to the typical level seen in mag- 
netically active stars or TTS. . Drake e t al (2005) proposed that the selective removal of some 
elements (e.g., O) from the accretion streams should occur only in old accretion disks such 
as that of TW Hya where coagulation of dust to larger bodies is ongoing, whereas younger 
TTS still accrete the entire gas and dust mix of the inner disk. However, the old CTTS 
MP Mus does not show any anomaly in the Ne/0 abundance ratio dArgiroffi et all 120071) . 
Larger samples are needed for clarification. 
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Fig. 15 Left (a) : The ratio between O VII r an d O VIII Lyg lumino sities vs. Lx- Crosses mark MS stars (from 
iNess et al2004) . triangles solar analogs (from lTelleschi et all2005l) . filled (red) circles CTTS, and open (blue) 
circles WTTS. The solid line is a power-law fit to the MS stars with Lx > 10^^ erg s^' (the relation between 
the variables is given in the upper l eft comer). - Right (b): Co rrelation between L(0 VII r) and L(0 VIII). 
Symbols are as in (a). (Adapted from lGiidel and Telleschill2007l .) 



3.5 Summary: Accretion-induced X-rays in T Tauri stars 

Tlie present status of the search for accretion-induced X-ray emission and current open 
problems can be summarized as follows: 

- Densities higher than typical for non-flaring coronal plasma, i.e., > lO" cm^^^, are 
seen in the majority of CTTS. A clear exception is T Tau. 

- Densities s catter over a wide range; this may be the result of a variety of accretion 
parameters (iGunther et alll2007l : lRobrade and Schmitlil2007h . 

- While TW Hya's X-ray emission is dominated by an unusually soft component, es- 
sentially all other CTTS are dominated by much hotter plasma, with principal electron 
temperatures mostly in the 5-30 MK range, similar to coronal temperatures of mag- 
netically active, young main-sequence stars. The presence of flares is also indicative of 
coronal emission dominating the X-ray spectrum. 

- A "soft excess", i.e., anomalously high fluxes observed in lines forming at low temper- 
atures, e.g., the Ovil line triplet, is seen only in accreting TTS and is therefore likely 
to be related, in some way, to accretion. However, a correlation with the coronal lumi- 
nosity points toward a relation with coronal heating as well. The two relations can be 
reconciled if the soft e xcess is due to an interacti on of the accretion streams with the 
coronal magnetic field jGudel and TelleschillioOTi) . 

- While TW Hya's anomalously high Ne abundance jDrake and Testal 20051) and the low 



abundances of refractory elements (such as Fe or O, Stelzer a nd Schmitt l2004h may be 



suggestive of heated accretion streams from a circumstellar disk, other CTTS do not 
generally show abundance anomalies of this kind. Low abundances of low-FIP elements 
are a general characteristic of magnetically active stars regardless of accretion. And 
finally, element abundances appear to be a function of spectral type or photospheric 
effective temper ature in CTTS, WTTS , and young main-sequence stars while accretion 
does not matter dTelleschi et afcOOTbl) . 
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- If accretion streams are non-steady, correlated X-ray and optical/ultraviolet time vari- 
ability should be seen during "accretion events" when the mass accretion rate increases 
for a short time. Despite detailed searches in long time series of many C TTS, no such 
corre lated events have been detected on tim e scales of minutes to hours jAudard et all 
l2007h or hours to days llStassunetalLl2006h . 

Accretion-induced X-ray radiation is clearly a promising mechanism deserving detailed fur- 
ther study and theoretical modeling. Observationally, the sample accessible to grating ob- 
servations remains very small, however. 



3.6 X-rays from Herbig stars 

Herbig Ae/Be stars are defined after iHerbigl ( Il960h as young intermediate-mass (w 2 — 
10 Mji) stars predominantly located near star-forming regions. They reveal emission lines in 
their optical spectra, and their location in the Hertzsprung-Russell diagram proves that they 
are pre-main sequence stars. Herbig stars are therefore considered to be the intermediate- 
mass analogs of TTS. This analogy extends to infrared emission indicative of circumstellar 
disks. 

Like their main-sequence descendants, B and A-type stars, Herbig stars are supposed to 
have radiative interiors, lacking the convective envelopes responsible for the aw magnetic 
dynamo in late-type stars. Fossil magnetic fields left over from the star formation process 
may still be trapped in the stellar interior. Transient convectio n may, however, be pres ent 
during a short phase of the deuterium-burning phase in a shell ( |PallaandStahmil993l) . A 
dynamo powered by rota tional shear energy may also produce some surface magnetic fields 
jTout and Pringlelll995h . Magnetic fields have indeed been detected on some Herbig stars 
with l ongitudinal field strengths of up to a few 100 G (e.g.. lDonati et a il ll997l : lHubrig etall 
l2004l : IWade etalbOOSh . 

X-ray observations provide premium diagnostics for magnetic fields in Herbig stars 
and their interaction with stellar winds and circumstellar material. Surveys conducted with 
low-reso lution spectro r neters remain, however, ambiguous. Many Herbig stars are X-ray 
sources ( iDamiani et a il ll994l ; IZinnecker and Preibisc 5 11994 iHamaguchiet alll2005h . with 
LxlUoX w 10"'^ - 10""*, i.e., ratios between those of TTS (lO""* - 10"^) and O stars (w 
10^^). This find ing may suggest th at undetected low-mass companions are at the origin of 
the X-rays (e.g.. lSkirmer et all |2004 the "companion hypothesis"). The companion hypoth- 
esis is still favored for statistical sample s of Herbig stars including multiple systems s tudied 
with Chandra's high spatial resolution JSkinner et aiil2004[stelzer et alll200dl2009l) . 

The X-ray spectra of Herbig stars are clearly thermal; intermediate-resolution CCD 
spect ra show the usual in dications of emission lines, partly formed at rather high tempera- 
tures dSkinner et all2004l) . High electron temperatures (> 10 MK) derived from spectral fits 
as well as flares observed in light curves further support the companion hypo t hesis for Her- 
big star samples, as both features are common to TTS l lOiardino et all l2004l : ISkinner et all 
l2004l : iHamaguchi etal l2005l : IStelzer et all |2006^. On the other hand, Lx correlates with 
wind properties such as wind velocity or wind momentum flux (but not with rotation param- 
eters of the Herbig stars), perhaps pointing to shocks in unstable winds as a source of X-rays 
dDamiani et"ailll994lzirinecker and Preibisclil 19941) . 

High-resolution X-ray spectroscopy has now started revealing ne w clues about the origin 
of X-rays from Herbig stars. The first such spectrum, reported by iTelleschi et all l l2007d) 
from AB Aur (Fig. [T6l l. is at variance with X-ray spectra from CTTS in three respects: 
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Fig. 16 XMM-Newton grating spectram of tlie Herbig star AB Aur (lower panel) compared with the spec- 
trum of the CTTS SU Aur (upper panel). Note the softer appearance of the AB Aur spectrum (e.g., absence 
of a strong continuum) and also the O VII triplet at 22 A indicating low dens ities and the absence of a strong 
UV radiation field in the X-ray source. (Adapted from lTelleschi et alll2007d ) 



First, X-rays from AB Aur are unusually soft (compared to general Herbig X-ray samples 
or TTS); electron temperatures are found in the range of 2-7 MK. Second, the X-ray flux 
is modulated in time with a period consistent with periods measured in optical/UV lines 
originating from the stellar wind. And third, the O VII line triplet indicates a high ///' flux 
ratio (Sect. l233] | in contrast to the usually low values seen in CTTS. 

In the case of sufficiently hot stars (T^eff <; 10"* K), the f /i ratio of the X-ray source not 
only depends on the electron density (Sect. |2.33] l but also on the ambient UV radiation field. 
In that case. 



where is the limiting flux ratio at low densities and negligible radiation fields, A'c is the 
critical density at which drops to Mq/2 (for negligible radiation fields), and (j)c is the crit- 
ical photoexcitation rate for the Pi ,2 transition, while ^ characterizes the ambient UV 
flux. The ratio (j) /(j)c can be exp ressed using r^-ff and fundamental atomic parameter s (for ap- 
plicati ons to stellar spectra, see lNess et afcooil and, specifically for AB Aur, Telle schi et all 
l2007ch . A high /// ratio thus not only requires the electron density to be low ( < 10' ' cm^-' ; 
Table|2ll but also the emitting plasma to be located sufficiently far aw ay from the strong pho- 
tospheric UV source. Considering all X-ray properties of AB Aur, iTelleschi et all ( 12007 ch 
suggested the presence of magnetically confined winds shocks. These shocks form in the 
equatorial plane where stellar winds collide after flowing along the closed magnetic field 
lines from different stellar hemispheres (see also Sect. 14.6b . As this shock is located a few 

stellar radii away from the photosphere, a high //; ratio is easily explai ned. 

HD 104237 is another Herbig star observed with X-ray gratings tTesta et a I l2008bh . 
This object is of slightly later spectral type (A7.5 Ve - A8 Ve) than the other Herbigs ob- 
served with gratings, implying that the photospheric radiation field is irrelevant for the f/i 
ratio of the He-like Ovil , Ne ix, MgXl, and Sixill triplets. At first sight, both the low- 
resolut ion spectrum Iskinner et alil2004l) and the high-resolution grating spectrum ( iTesta et aj 
l2008bl) indicate high temperatures similar to TTS, and indeed HD 104237 is accompanied 
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by a close (0.15 AU), relatively massive K3-type companion (see lXesta et alll2008bl and ref- 
erences therein). However, an anomalously cool component in the spectrum and rotational 
modulation compatible with the measured rotation period of the Herbig star point to the 
latter as the source of the softer emission ( iTesta et all l2008bY while much of the harder 
emission may originate from the K-type T Tauri companion. This interpretation fits well 
into the emerging picture of Herbig X-ray emission sketched above although the origin of 
the soft emission (magnetically confined winds, accretion shocks, jet shocks [see below], 
cool coronae induced by shear dynamos) needs further investigation. 

The third Herbig star observed at high resolution in X-ra ys, HP 163296, had previously 
attracted attention as another unusually soft X-ray source d Swartz et all l2005h . Although 
the latter authors suggested that the soft emission is due to accretion shocks in analogy 
to the mechanism proposed for CTTS, grating spectra paint a different picture: again, the 
//; flux ratio is high, requiring the X-ra y source to be located at so me distance from the 
stellar surface and to be of low density i Giinther and Schmittll2009l : Table [2]i. Although a 
similar model as for AB Aur may be applicable, HD 163296 is dist inguished by drivin g a 
prominent jet marginally indicated in an image taken by CHANDRA jSwartz et alll2005h . A 
possible model therefore involves shock heating in jets, requiring an initial ejection velocity 
of 750 km s^^ but sho ck heating at such vel ocities is required only for a fraction of wl% 
of the outflowing mass (iGunther and SchmitlEoO^) . 



3.7 Two-Absorber X-ray spectra: evidence for X-ray jets 

Shocks in outflows and jets may produce X-ray emission. Terminal shocks between jets 
and the interstellar medium, forming "Herbig-Haro (HH) objects", are obvious candidates. 
Sensitive imaging o bservations have indeed detected faint X-ray sources at the shock fronts 
of HH objects (e.g.. |Pravdo et afcoOll '). Shocks may also form internally to the jet, close to 
the d riving star. S t ich X - ray sources have been found close to the class I protostar L 1551 
IRS5 ( jpavata et a]ll2002l : lBallv et a]ll200^ and the CTTS DG Tau jGudel et allboOSi) . The 
faint low-resolution spectra are soft and indicate temperatures of a few million K, compatible 
with shock velocities of a few 100 km s^^. 

X-ray spectra of several very strongly accreting, jet-driving CTTS exhibit a new spectral 
phenomenology (Fig. [TTl Table [3ll: These "Two-Absorber X-ray" (TAX) spectra reveal a 
cool component subject to very low absorption and a hot component subject to absorption 
about one order of magnitude higher. The temperature of the cool component,?" w 3-6 MK, 
is atypical for TTS. 

The hard component of TAX sources requires an absorbing hydrogen column density 
A'h ^ 10^^ cm^^, higher by typically an order of magnit ude than predicted from the visual 
extinction Ay if standard gas-to-dust ratios are assumed jGiidel et a]|[20073 and references 
therein). Because the hard component requires electron temperatures of tens of MK and 
occasionally shows flares, it is likely to be of coronal origin. The excess absorption can 
be generated by accretion streams falling down along the magnetic field lines and absorbing 
the X-rays from the underlying corona. The excess absorption-to-extinction (or equivalently, 
A'h/Av) ratio then is an indicator of dust sublimation: the accreting gas streams are dust- 
depleted, which is to be expected given that dust is heated to sublimation temperatures (f^ 
1500 K) at distances of several stellar radii. 

In contrast, Nh of the soft component is lower than sugge sted from the stell ar Ay. 
A likely origin of these very soft X-rays is the base of the jet jGiidel et all koOld) . sug- 
gested by i) the unusually soft emission compatible with the jet spectrum, ii) the low A^h 
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Fig. 17 Left (a): Spectram of the Two- Absorber X-ray source DG Tau. The soft an d the hard components are 
indicated. The solid histograms show model fits. (Adapted from lGiidel et al2007cl .) — Right (b): Spectrum of 
FU Ori. Note the essentially flat appearance between 0.6 keV and 7 keV, with two bro ad peaks related to two 
different spectral components absorbed by different gas columns. (From lSkinner et ali2006bt . reproduced by 
permission of the AAS). 



Table 3 TAX sources: X-ray parameters and general properties" 



Soft component Hard component 



Star 




Nh.s 






NH,h 








(mag) 


(10^2 cm-2) 


(MK) 


(1029 ergs- 


') (1022 cm-2) 


(MK) 


(1029 ergs-') 


DGTau 


1.5-3 


0.11 


3.7 


0.96 


1.8 


69 


5.1 


GVTau 


3-5 


0.12 


5.8 


0.54 


4.1 


80 


10.2 


DP Tau 


1.2-1.5 


«0 


3.2 


0.04 


3.8 


61 


1.1 


HNTau 




0.15 


2.0, 6.6 


1.46 


1.1 


62 


3.5 


CWTau 


2-3 














FUOri 


1.8-2.4 


0.42 


7.8 


2.7 


8.4 


83 


53 


Beehive 




0.08 


6.6 




6.3 
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X-ray data and Ay fo r Taurus sources from lGiidel et aj i2007ah and lGiidel et al 12007 J) : for FU Ori, see 
I Skinner et m2006bl) . and for Beehive, see lKastner et all i2005h . Index "s" for soft component, "h" for 
hard component. 

Lx for 0.1-10 keV range (for FU Ori, 0.5-7.0 keV), in units of 1029 erg s-' 



values, and iii) the explicit evidence of jets in CHANDRA imaging iGudel et all l200i) . 
ISchneider and Schmit supported this scenario by demonstrating that the soft compo- 

nent is very slightly offset from the harder, coronal component in the direction of the optical 
jet. We also note that some CCTS with jets show blueshifts in O VI and C III lines (forming 
at a few 10^ K) as observed in F USE spectra, again suggesting shock-heated hot material in 
jets ( iGunther and Schmittl,l2008h . 

We should note here that one of the sources listed in Table [3] FU Ori, is an eruptive 
variable presently still in its outburst stage (which has lasted for several decades). This object 
is discussed in the context of eruptive variables below (Sect. lTSl l. 



42 



3.8 X-rays from eruptive variables: coronae, accretion, and winds 

A small class of eruptive pre-main sequence stars deserves to be mentioned for their peculiar 
X-ray spectral behavior, both during outbursts and during "quiescence". They are roughly 
classified into FU Ononis objects (F Uors henceforth) and EX Lup i objects (EXors). For 
reviews, we refer to lHerbi j ( Il977h and lHartmann and KenyonI ( Il996h . 

The classical FUors show optical outbursts during which the systems' brightness in- 
creases by several magnitudes on time scales of 1-10 yrs, and then decays on time scales 
of 20-100 yr. The presently favored model posits that the brightness rises owing to a strongly 
increasing accretion rate through the circumstellar disk (from 10^^ Mq yr^' to 10^"* M@ yr^' ) 
FUor outbursts may represent a recurrent but transient phase during the evolution of a TTS. 
EXors show faster outbursts with time scales of a few months to a few years, smaller ampli- 
tudes (2-3 mag) and higher repetition rates. 

The first FUor X-ray spectrum, observed from the prototype FU Ori itself, shows a phe- 
nomenology akin to the TA X spectra discussed for the jet sources (Sect. 13.71 Fig. fTTb). 
but with notable deviations ( ISkinneretalll2006bl : Table IB. First, the cooler and less ab- 
sorbed spectral component shows a temperature (w 8 MK) characteristic of coronal emis- 
sion from TTS, with an absorption column density compatible with the optical extinction. 
An interpretation based on shocks in accretion flows or jets is thus unlikely, and jets have 
not been detected for this object although it does shed a very strong wind, with a mass loss 
rate of w 10^^ yr^'. The hard spectral component shows very high temperatures 
(T w 65 — 83 MK), but this is reminiscent of TAX sources. Possible models for the two- 
absorber phenomenology include patchy absorption in which emission from the cooler coro- 
nal component suffers less absorption, while the dominant hotter component may be hidden 
behind additional gas columns, e.g., dense accretion streams. Absorption by a strong, neutral 
wind is an alternative, although this model requires an inhomogeneous, e.g., non-spherical 
geometry to allow the soft emission to escape along a path with lower absorption. 

The above X-ray peculiarity does not seem to be a defining property of FUors; X-ray 
emission from the FUor VI 735 Cyg does neither show TAX phenomenology nor anoma- 
lous absorption but does r eveal an extremely h ard spectrum, reminiscent of the hard spec- 
tral component of FU Ori jSkirmer et a 1 1200^ . It is also unclear whether the spectral phe- 
nomenology is related with the outburst status of the stars; both FU Ori and VI 735 Cyg 
have undergone outbursts, starting about 70 years and 50 years ago (e.g.. Skinner et aL2009l 
and references therein), and the former is still in its declining phase. 

Two objects, both probably belonging to the EXor group, have been observed from 
the early outburst phase into the late decay. The first, VI 647 Ori, revealed a rapid rise 
in the X-ray flux by a factor of w 30, closely tracking the optical and near-infrared light 
curves jKastner et ail2004bl .l2006l). The X-ray spectra revealed a hardening during the peak 
emission, followed by a softening during the decay. The absorbing column density did not 
change. Measured temperatures of order 6 x 10^ K are much too high for accretion or out- 
flow shocks; explosive magnetic reconnection in star-disk magnetic fields, induced by the 
strong rise of the disk-s tar accretion rate, is a possibility, and such events may be at the ori- 
gin of ejected jet blobs jKastner et alll2004 b'). The picture of enhanced winds or outflows is 
supported by a gas-to-dust m ass ratio enhanced b y a factor of two during outburst, compared 
to standard interstellar ratios jGrosso eta]ll2005b . 

A very different picture arose from the EXor-type eruption of VI 1 18 Ori jAudard et all 
l2005l ; 'Lorenzetti et al, 2006). While the optical and near-infrared brightness increased by 1- 
2 magnitudes on a time scale of 50 days, the X-rays varied slowly, by no more than a factor 
of two; however, the X-ray emission clearly softened during the outburst, suggesting that 
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the hot plasma component disappeared during that episode. A possible model involves the 
disruption of the outer, hot magnetospheric or coro nal magnetic loops by a disk that closed 
in as a consequence of the increased accretion rate ( lAudard et aill2005h . 



3.9 X-rays from circumstellar environments: Fluorescence 

X-rays from TTS and protostars surrounded by circumstellar disks (and possibly molecular 
envelopes) inevitably interact with these environments. For the observer, this is most evi- 
dent in increasingly large X-ray attenuation toward stars of earlier evolutionary stages. The 
responsible photoelectric absorption mechanism ionizes disk surfaces or envelopes quite ef- 
ficiently (Glassgold et aL 1997.) . which has important consequences for chemistry, heating, 
or accretion mechanisms. 

Here, we discuss direct evidence for disk ionization from fluorescent emission by "cold" 
(weakly ionized) iron. In brief, energetic photons emitted by a hot coronal source eventually 
hitting weakly ionized or neutral surfaces may eject an Is electron from Fe atoms or ions. 
This process is followed by fluorescent transitions, the most efficient of which is the 2s-lp 
Fe Ka doublet at 6.4 keV, requiring irradiating photons with energies above the correspond- 
ing photoionization edge at 7.11 keV. The transition is known from X-ray observations of 
solar fl ares, in whi ch case fluorescence is attributed to X-ray irradiation of the solar photo- 
sphere teail Il979h . The physics of fluorescent emission is comparati vely simple althoug h 
radiative transfer calculations are required for accurate modeling (e.g.. lDrake et a]||2008bl) . 

The same radiation can also be generated by impact ionization due to a non-thermal 
electron beam temslie et all 1 19861) . a mechanism that would be expected i n particu l ar dur - 
ing the early phases of a flare when high-energy electrons are abundant (Dennis, 198a). 
Excitation by high-energy electron s is a rather inefficient process, however CEmslie et all 
ll986l ; lBallantvne and Fabiarll2003l) . 

Although fluorescent emission is prominent in accretion disks around compact objects, 
detection around normal stars is relatively recent. Observations of the 6.4 keV Fe Ka line 
require a spectral resolving power of w 50 in order to separate the line from the adjacent, 
and often prominent, 6.7-7.0 keV Fe XXV-XXVI line c omplex from hot plasma. An unam- 
biguous detection was reported bv llmanishieta]| ( l200ll) who found strong 6.4 keV line flux 
during a giant flare in the Class I protostar YLW 16A (in the p Oph dark cloud) and at- 
tributed it to irradiation of the circumstellar disk by X-rays from hot coronal flaring loops. 

Detectable Fe fluorescence has re mained an exception am ong CTTS or protostars, but 
a meaningful sample is now available ( iTsuiimoto et all [20051 ; Fig ITSh), with several unex- 
pected features deserving further study. Specifically, strong fluorescence in the Class I pro- 
tostar Elias 2 9 (in the p O ph region) appears to be quasi-steady rather than related to strong 
X-ray flares jFavata etal 12005.) : even more perplexing, the 6.4 keV line is modulated on 
time scales of days regardless of the nearly constant stellar X-ray e mission; it also does no t 
react to the occurrence of appreciable X-ray flares in the light curve ( lGiardinoetaiil2007bl) . 
The latter authors suggested that here we see 6.4 keV emission due to non-thermal electron 
impact in relatively dense, accreting magnetic loops. Given the high density, the electrons 
may not reach the stellar surface to produce evaporation and hence, an X-ray flare. The long 
time scale of this radiation is, however, still challenging to explain. 

Occasionally, the fluorescence line dominates the 6-7 keV region entirely. An example 
is NGC 2071 IRS-1 in which a very broad and bright 6.4 keV feature (Fig. 1 18b) requires an 
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Fig. 18 Left (a): Evidence for an Fe fluorescence line at 6.4 keV (left arrow) next to the 6.7 keV feature of 
highly ionized Fe (right arrow); best-fit models including a narrow line at 6.4 keV, as well as the residuals 
(bottom panel) are also shown. (From Tsuiimoto et al 2005, reproduced by permission of the AAS.) - Right 
(b): Spectrum of the deeply embedded infrared source NGC 2071 IRS-1; note t he flat spectrum. The 6-7 keV 
region is entirely dominated by the 6.4 keV feature. (From lSkinner et a]|2007l reproduced by permission of 
the AAS.) 




, 1060 'OSO 1 ICO 1 120 r ^0 

Energy [keV] Tiire [k=] (from MJD 52647.738) 

Fig. 19 Left (a): Medium-resolution spectrum of the flaring protostar V1486 Ori showing a 6.4 keV iron line 
with very little contribution from the 6.7 keV Fe XXV feature (see also inset). - Right (b): The solid light curve 
refers to the 6.1-6.7 keV spectral range during the same flare, while the dashed li ne shows t he integrated 2- 
9 keV light curve. Note that the Ki6.4 keV emission peaks early in the flare. (From lCzesla and Schmitt,2007i ) 



absorbing column density of w 10 ^^ cm ^ for fluoresc ence, larger than the column density 
absorbing the rest of the spectrum ( ISkinneretaiil2007l) . 

A connection with the initial energy release in a protostellar flare is seen in the case of 
the Class I star V1486 Ori in which strong 6.4 keV line flux is seen during the rise phase 
of a large soft X-ray flare jCzesla and Schmittll2007l : Fig. \T9\ the average quiescent + flare 
spectrum of this object is shown in FigllSti). A relation with the electron beams usually 
accelerated in the initial "impulsive" phase of a (solar) flare is suggestive, although this 
same flare phase commonly also produces the hardest thermal X-ray spectra. In any case, 
the extremely larg e equivalent width requires special conditions; detailed calculations by 
iDrake et a ] ( l2008bh suggest fluorescence by an X-ray flare partially obscured by the stellar 
limb. 
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4 X-rays from hot stars 

In the Hertzprung-Russell diagram, the top of the main sequence harbours stars with spectral 
types O and early B, which are the hottest objects of the stellar population (>20kK). They 
also are the most luminous (10^ L©) and the most massive (M> 10 Mg) stellar objects. Early- 
type stars emit copious amounts of UV radiation which, through resonance scattering of 
these photons by metal ions, produce a strong outflow of material. Typically, the mass-loss 
rate of this stellar wind is about 10^*" yr^' (i.e. 10** times the average solar value!) while 
the terminal (i.e. final) wind velocity is about 2000 km s^^. Though rare and short-lived 
(<10Myr), hot stars have a profound impact on their host galaxies. Not only are they the 
main contributors to the ionizing flux, mechanical input, and chemical enrichment but they 
can also be the precursors/progenitors of supemovae, neutron stars, stellar black holes and 
possibly gamma-ray bursts. Therefore, an improved understanding of these objects, notably 
through the analysis of their high-energy properties, can lead to a better knowledge of several 
galactic and extragalactic phenomena. 

X-ray emiss ion from hot stars wa s serendipitously discovered with the Einstein satellite 
thirty years ago ( lHamdenetaiill979h . One month after Einstein's launch, in mid-December 
1978, calibration observations of Cyg X-3 revealed the presence of five additional sources to 
the North of that source. Dithering exposures showed that these moderately bright sources 
followed the motion of Cyg X-3, indicating that they were not due to contamination of the 
detector, as was first envisaged. A comparison with optical images finally unveiled the nature 
of these sources: bright 0-type stars from the Cyg 0B2 association. Th is discovery was 
soon confirmed by simila r observations in the Orion and Carina nebulae ( IKu and Chananl 
ll979l : ISewardeta]lll979l) . The detection of high-energy emission associated with ho t stars 
confirmed the expectations published in the same year bv lCassinelli and OlsonI ( Il979l) . who 
showed that the "superionization" species (e.g. N V, O VI) observed in the UV spectra could 
be easily explained by the Auger effect in the presence of a significant X-ray flux. 

Since then, hot stars have been regularly observed by the successive X-ray facilities: 
indeed, only X-rays can probe the energetic phenomena at work in these objects. However, 
the most critical information was only gained in the past ten years thanks to the advent 
of new observatories, XMM-Newton and CHANDRA, which provided not only enhanced 
sensitivity but also the capability of high-resolution spectroscopy. 



4. 1 Global properties 

4.1.1 Nature of the emission 

Medium and high-resolution spectroscopy (see Figs. 1201 and |2T]| have now ascertained that 
the X-ray spectrum of hot stars, single as well as binaries, is composed of discrete lines from 
metals whose ionization stages correspond to a (relatively) narrow range of temperatures. 
These lines can be superimposed on a (weak) continuum bremsstrahlung emission. The X- 
ray spectrum thus appears mainly thermal in nature. 

However, some hot, long-period binaries display non-thermal radio emission, which 
clearly reveals the presence of a population of relativistic electrons in the winds of these 
objects. Such relativistic electrons are likely accelerated by diffuse shock acceleration pro- 
cesses taking place nea r hydrody n amic s hocks inside or (most probably) between stellar 
winds (for a review, see lDe Beckeill2007 ). The possibility of a h igh-energy counterpart to 
this radio emission was investigated by IChen and Whit i ( Il99ll) . In this domain, inverse 
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EPIC MOS spectra of Ihsio Car 
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Fig. 20 Medium and high-resolution X-ray spectra of the massive system Car (B0.2V-I- late B:), as observed 
by XMM-Newton. The high-resolution spectrum distinctly s howfs lines from H-like and He-like ions, as well 
as lines associated with L shell transitions in iron ions ffrom lNaze and Rauwl2003) . 



Compton scattering is expected to boost a small fraction of the ample supply of stellar 
UV photons to X-ray energies. To be detectable, such non-thermal X-ray emission needs 
to be sufficiently strong compared to the thermal X-ray emission. This preferentially hap- 
pens in short-period binaries, where the wind-wind interaction, and hence particle accel- 
eration, takes place close to the stars and thus inside the radio photosphere, rather than in 
long-period binaries, where the interaction is located further away, outside the radio photo- 
sphere: the list of binary systems with non-thermal X-rays is thus expected to differ from 
that of non- thermal radio emitters {De Bec ker. 2007) . However, no convincing evidence 
has yet been found for the presen ce of non-t hermal X-ray emission: only two ca ndidates 
(HD 159176. lDe Becker et all2004l . and F015, lAlbacete Colombo and Micel j2005i) present 
some weak indication of a possible non-thermal component in their spectra. In addition, the 
observed non-ther mal emission of some binary systems still appears problematic, like e.g. 
for Cyg 0B2 #8A ( lRauwll2008l) . Further work is thus needed to settle this question, and the 
answer may have to wait for the advent of more sensitive instruments, especially in the hard 
X-ray/soft gamma-ray range. 



4.1.2 Temperatures 

Except in the case of some peculiar objects (see Sects. 14.51 |4.6l l, the X-ray spectrum of 
single hot stars appears overall quite soft. Fits to medium-resolution spectra with optically- 
thin thermal plasma models in coUisional ionization equilibrium (e.g. mekal, apec) always 
favor main components with temperatures less than 1 keV. For O stars, the best fits to good 
quality data can usually be achieved by the sum of t wo thermal comp onents at about 0.3 and 
0.7-1 keV ( e.g. the O stars in the NGC 6231 cluster. lSana et all200d and in the Carina OBI 
association, lAntokhin et"aill2008h . 

High- resolution spectro scopic data of 15 OB stars were analyzed in a homogeneous way 
by Izhekov and Palld 120071) for the case of X-ray emitting regions distributed throughout 
the wind (see Sect. 14.21 for details). The distribution of the differential emission measure 
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Fig. 21 High-resolution X-ray spectra of a B star (6 Car, top, adapted from lNaze and an 0-star 

(f Pup, middle), and a WR star (6 Mus, bottom). (For the last two: data taken from the 2XMM database) 



(DEM) as a function of temperature displays a broad peak c entered on 0. 1-0.4 keV (i.e. a 
few MK, see also a similar result obtained for 9 OB stars by Woidowski and Schulj|2005l) , 
confirming the soft nature of the spectrum. A tail at high temperatures is sometimes present 
but is always of reduced strength compared to the low-temperature component. The only 
exceptions to this scheme are two magnetic objects (see Sect. 14. 6b and the otherwise normal 
0-type star ^Oph {kT ~0. 5-0.6 keV). In general, no absorbing column in addition to the 
interstellar contribution was needed in the fits, suggesting the absorption by the stellar wind 
to be quite small tZhekov and Pallai2007i . see also , Sana et ai2006) . 



4.1.3 Lx/L\,o\ relation 

Already at the time of the discovery, iHarnden et ail ( 1 19791) suggested that a correlation exists 
between the X-ray and optical luminosities. Such a relation was soon confirmed and slightly 
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Fig. 22 Lx — ibol relations for OB stars in RASS, for OB stai's in NGC 6231 and for O stars in Carina 
OBI. Peculiar objects or problematic objects are shown as open symbols. (Figures based on data from 
iBerehofer etailll997l : ISana et al200d:lAntokhin et all2008ll 



revised to a scaling law between unabsorbed X-ray and bolometric luminosit iej^ of the 
form L^-^t"* ~ 10^^ x Lboi (see e.g. lPallavicini et allll98ll) . ISciortino et all ( Il990h examined 
the possibility of correlations with other properties of these hot stars but could not find any 
evidence for relations with the rotation rate (contrary to late-type stars), the terminal wind 
velocity nor the mass-loss rate (though combinations of velo city and mass-loss rates gave 
good results, see below). More recently, lBergh6feret"ail ( ll997l) re-evaluated this scaling law 
using data from the ROSAT All-Sky Survey (RASS). Their relation (see Table|4ll presents 
a large scatter (a of 0.4 in logarithmic scale, or a factor 2.5) and flattens considerably below 
Lboi ^ 10''^ erg s^', i.e. for mid and late B stars. 

With the advent of XMM-Newton and CHANDRA, a more detailed investigation of 
this so-called "canonical" relation became possible. Rather than conducting a survey, the 
new studies rely on detaile d observations o f rich open clusters and associ ations, notably 
NGC 6231 rXMM-jVewrow. lSanaet aill2006l). Cari na OBI (XMM-Newto n. lAntokhin et aJl 
20081) . Westerlund 2 (CHANDRA. lNaze et all2008cJ) , Cyg 0B2 (CHANDRA jAlbacete Colombo et all 



20071) . The derived Lx — iboi relations are listed in Table H For NGC 6231 and Carina 



OBI, the stellar content and reddening are well known, enabling a precise evaluation of 
both the bolometric luminosity and the reddening correction to be applied to the observed 
X-ray flux. In both cases, the Lx — Lboi relation appears much tighter (dispersion of only 
40%) than in the RASS analysis. For Westerlund 2 and Cyg 0B2, the optical proper- 
ties are less constrained, naturally leading to a larger scatter. In the latter case, hints of a 
steep er relation were found for gian t and supergiant stars compared to main-sequence ob- 
jects jAlbacete Colombo et alllToOTh but this needs to be confirmed. 

The question arises about the actual origin of the difference between the RASS and 
XMM-Newton results. Part of the answer lies in the differences between the datasets, and 
differences in data handling. On the one hand, the RASS provides a large sample of hot stars, 
covering all spectral types, but generally with only approximate knowledge of the optical 
properties (spectral types taken from general catalogs, bolometric luminosities taken from 
typical values for the considered spectral types). The X-ray luminosities were derived from 
converting count rates using a single absorbing column and a single temperature matching 
the observed hardness ratios best. On the other hand, the chosen clusters provide a smaller 
sample but have undergone an intensive optical spectroscopic monitoring, leading to a better 
knowledge of their stellar content. In addition, the X-ray luminosities were derived from fits 



' Indeed, for stars of similar spectral type and interstellar absorption, both relations are equivalent. 
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Table 4 Lx — i.bol relations for 0-type stars from the literature 



Region 


Relation 




Energy band 


Reference 


RASS 


logLx=1.081ogLboi-11.89 


0. 1-2.4 keV 


Berahofer et al f 1997) 


NGC6231 


logLx=- 


-6.9121ogLboi 


0.5-10.0 keV 


Sana et al (2006J 


NGC6231 


logLx=- 


-7.01 Hog Lboi 


0.5-1.0 keV 


^a et al (2006) 


NGC6231 


logLx=- 


-7.578 log Lboi 


1.0-2.5 keV 


Sana et al (2006^ 


Cyg OB2 


logLx~ 


-71ogLboi 


0.5-8.0 keV 


Albacete Colombo et al (2007) 


Carina OBI 


logLx=- 


-6.58 log Lboi 


0.4-10.0 keV 


Antokhin et al (2008^ 


Carina OBI 


logLx=- 


-6.82 log Lboi 


0.4-1.0 keV 


Aptokhin et al (2008) 


Carina OBI 


logLx=- 


-7. 18 log Lboi 


1.0-2.5 keV 


Antokhin et al (2008) 



to the medium-resolution spectra. However, it remains to be seen whether the distinct data 
analyses are sufficient to explain all the differences in the scatter. One additional distinction 
between the datasets concerns the nature of the sample itself: clusters represent a homoge- 
neous stellar population with respect to age, metallicity, and chemical composition, while 
the RASS analysis mixed stars from different clusters as well as field stars. The RASS scatter 
of the Lx — i-boi relation could thus be partly real, and additional investigations, comparing 
more clusters, are needed. Notably, the study of high- or low-metallicity stellar populations 
would be of interest to better understand the X-ray emission as a whole. A first step in 
this direction was recently done by Chu et al. (in preparation). Their 300 ks observation of 
the LMC giant Hll region Nl 1 revealed an Lx — Lboi relation some 0.5 dex higher than in 
NGC 6231. However, it is not yet clear if the observed OB stars are "normal", single objects 
or overluminous peculiar systems (see Sects. [43] |4.6I >. 

It might a lso be wor t h to note that the Lx — Lboi relation was investigated in different 
energy bands dSana et all 1200^ : lAntokhin et all 12008^. The tight correlation exists in both 
soft (0.5-1 keV) and medium (1-2.5 keV) energy bands, but breaks down in the hard band 
(2.5-10 keV). While the scatter due to a poorer statistics (lower number of counts) cannot 
be excluded, it should be emphasized that the hard band is also more sensitive to additional, 
peculiar phenomena whose emission is expected to be harder, such as non-thermal emission, 
emission from magnetically-channeled winds (see Sect. |4.6l >, etc. Indeed, even if such phe- 
nomena negligibly contribute to the overall level of X-ray emission, they could significantly 
affect the hard band. 

Although a well established observational fact, the Lx — Lboi relation is still not fully 
explained from the theoretical point-of-view. Qualitatively, it can of course be expected 
that the X-ray luminosity scales with the stellar wind properties (density, momentum or 
kinetic luminosity) if the X-ray emission arises in the wind (see Sect. 14.21 ). Since the wind 
is actually radiatively driven, these quantities should depend on the global level of light 
emission, i.e. on Lh o i. How ever, the exact form of the scaling relation is difficult to predict. 
lOwocki and CoherJ 1x99^) made an attempt to explain the scaling law in the context of a 
distributed X-ray source. Considering that the volume filling factor varies as r', they found 
that Lx scales as {M/v„Y^^ if the onset radius of the X-ray emission is below the radius of 
optical depth unity (optically thick case), and {M/voo)^ otherwise. Adding the dependence 
of the wind parameters to the bolometric luminosity, one finally gets the observed scaling 
for s values of —0.25 or —0.40 in the optically thick case. For less dense winds (optically 
thin case), Lx should be proportional to L^„^™^'^, i.e. the power law becomes steeper, as 
possibly observed for early B stars ( Owo cki and Co hen. 1999, see however below). In this 
context, it may be interesting to note that recent hig h-resolution obser vations of ^ Ori seem 
to favor constant filling factors (i.e. i = or / r". ICohen et alll2006h . 
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Finally, recent studies have confirmed that the "canonical" Lx — i-boi relation only ap- 
plies forLboi > 10^** erg s^', i.e. down to BO-1 stars. It then breaks down at lower luminosi- 
ties, with Lx/Lboi ratios two orders of magnitude smaller at B3 than at Bl JCassinelli et all 
ll994ICohenetailll997h . Some authors therefore questioned whether B stars should emit at 
all in the X-ray domain. Indeed, these stars lack both putative origins of X-ray emission (see 
Sect. l4.2l l: strong stellar winds, except maybe for the earliest subtypes, and developed coro- 
nae (because of the absence of a subsurface convective zone). However, when detected, the 
X-ray emission from B stars appears to be related to their bolometric luminosity, although 
with a shallower scaling law (see Fig. l22l i. This strongly suggests an intrinsic origin for 
the high-energy emission, and would request a revision of the current models. On the other 
hand, only a small fraction of these objects are detected: in t he RASS, the detection fraction 
was less than 10% for B2 and later objects jBerghofer et alll 19971) : in NG C 6231, it is 24% 
for B0-B4 stars but only 7% for B5 and later objects dSana et all l2006l) . Moreover, when 
detected, their spectra are often quite hard {kT2 > 1 keV) and many X-ray sources associated 
with B stars present flares: these properties are more typical of pre main sequence (PMS) 
objects, suggesting that the detected X-ray emission from B stars actually corresponds to 
that of a less massive, otherwise hidden PMS companion. 



4.1.4 A relation with spectral types? 

High-resolution X-ray spectroscopy allowed Iwalbomi ( l2008l) to examine the metal lines in 
search of systematic effects related to the spectral classification, as are well known in the 
UV and optical domains. At first sight, the overall X-ray spectra seem to shift towards longer 
wavelengths for later types, and ratios of neighbouring lines from the same element but at 
different ionization stages (e.g. Ne x/Ne IX, Mg Xll/Mg XI, Si Xiv/Si Xlll) are seen to evolve 
or even reverse. These trends clearly call for confirmation using a larger sample but, if real, 
they would have to be explained by theoretical models. 



4.2 Origin of the X-ray emission: insights from high-resolution spectroscopy 

Different origins for the high-energy emission of hot stars were proposed in the first decades 
after its discovery. Observational tests are indeed crucial to distinguish between the models. 
Not surprisingly, the strongest constraints were derived only recently with the advent of 
high-resolution spectroscopy. The new results lead to modifications of the original models, 
which also affect other wavelength domains. 



4.2.1 Proposed models and a priori predictions 

The first proposed model to explain the X-ray emission from hot star s was a corona at the 
base of the wind, analogous to what exists in low-mass stars (see e.g. ICassinelli and Olsonl 
Il979h . However, several observational objections against such models were soon raised. 
First, while neutron stars in close high-mass X-ray binaries showed the presence of signif- 
icant attenuation by the stellar wind of their companion, no strong absorption was found 
for the intrinsic X-ray emission of massive stars (Cassinelli and Swank, 1983). This sug- 
gests that the source of the X-ray emission lies significantly above the photosphere, at sev- 
eral stellar radii. Second, the coronal [Fe XIV] A 5303A line was never detected in hot stars 
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spectra jNordsieck et alLligSlhliaade and Lucvlll987h . Finally, the line profiles from "su- 
perionized" species were incompatible wit h coronal models, unless the mass-loss rate was 
drastically reduced ( iMacfarlane et alll 19931) . 

An alternative scenario relies on the intrinsic instability of the line-driving mechanism 
(responsible for propulsing the stellar wind). Indeed, the velocity in an unstable wind is 
not the same everywhere: fast-moving parcels of material will overcome the slow-moving 
material, generating shocks between them. This causes the formation of dense shells which 
should be distributed throughout the whole wind. At first, strong forward shocks between 
the fast cloudlets and the ambient, slower ( "shadowed") material were considered as the 
most probable cause of the X-ray emission jLucv and Whitel . 119801) . Subsequent hydrody- 
namical simulations rather sh owed the presence o f strong reverse shocks which decelerate 
the fast, low density material l lOwocki et all Il988h . However, the resulting X-ray emission 
from such rarefied material is expected to be qui te low and cannot account for the level 
of X-ray flux observed in hot stars. Instead, Feld meier et all (1997) proposed that mutual 
collisions of dense, shock-compressed shells could lead to substantial X-ray emission (sim- 
ulations yield values only a factor of 2-3 below the observations). In such a model, the 
X-ray emission arises from a few (always <5, generally 1 or 2) shocks present at a few 
stellar radii (<10/?*). Since these shocks fade and grow on short time scales, such models 
predict significant sho rt-term variabili t y, wh ich is not observed. To reconcile the observa- 
tions with their model. Ipeldmeier et all ( Il997l) further suggested wind fragmentation, so that 
individual X-ray fluctuations are smoothed out over the whole emitting volume, leading to 
a rather constant X-ray output. At the end of the 20th century, this wind-shock scenario was 
the most favored model amongst X-ray astronomers. 

To get a better insight into the properties of the X-ray emission region, high-resolution 
data were badly needed. Indeed, they provide crucial information. For example, the location 
of the X-ray emitting plasma can be derived from the analysis of line ratios. The most 
interesting lines to do so are triplets from He-like ions, which arise from transitions between 
the ground state and the first excited levels (see Fig.|4li. The line associated with the ^Pi — > 
' So transition is a resonance line (r), the one linked with the ^^^i — > ' transition is forbidden 
(/), and those associated with the ^Pi,2 '■So transition are called intercombination lines (/), 
hence the name^r triplets. It is important to note that the metastable level can also be 
depleted by transitions to the level. Such transitions are either collisionally or radiatively 
excited (see Sects. [23731 and [T6l l. Thef/i ratio (often noted ,^) therefore decreases when the 
density He is high or the photoionization rate (j) is significant: as already mentioned in Sect. 
13.61 a useful approximation is 

^= , (17) 

where the critical values of the photoexcitation rate and the density, noted 0r an d A^^ re- 
spectively, are entirely determined by atomic parameters jBlumenthal et all ll972L see also 
TableO. For hot stars, the density remains quite low, even close to the photosphere, and its 
impact is therefore often neglectecfl; however, the UV flux responsible for the ^P\,2 
transition is not negligible in these stars (see Fig. [23] >. The UV radiation is diluted, as the 
distance from the star increases, by a factor 



v(r) = 0.5 X (^1 - ^l-{R,/r)2^ 



(18) 



Onl y the Si XIII triplet is margina lly affected at very small radii (<0.05S,) above the photosphere (see 
Fig. 2 in lWaldron and Cassinell]|200lh . 
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Fig. 23 Examples of observed He-like triplets (data taken from the Xatlas database and smoothed by a box of 
4 pixels half width). Due to the presence of a strong UV flux, the forbidden line is nearly entirely suppressed 
for the hot star 8 Ori while it appears with full strength in the spectrum of the late-type star Capella. 



Hence, its influence on the f/i ratio decreases with radiu^ For hot stars, the observation of 
a given ratio will thus yield an estimat e of the dilution factor an d thereby of the position 
in the wind of the X-ray emitting plasma. iLeutenegger et all ( l2006h have further shown that 
the f/i ratios could also be interpreted in the framework of a wind-shock model (i.e. with 
X-ray emission regions distributed throughout the wind). In this case, the integrated^/ ra- 
tio increases faster with radius than in the localized case. Furthermore, they predict slight 
differences in the profiles of the fir lines: the line should be stronger where the UV flux is 
maximum, i.e. close to the star, and it should thus have weaker wings than the/line, which is 
produced further away and should appear more flat-topped. Those subtle differences might 
however not be easily detectable with current instrumentation. Finally, the (f+i)/r ratio (of- 
ten noted can also pinpoint the nature of the X-ray plasma. For ^ values close to 4, the 
plasma is dominated by photoionization; if close to 1, the collisions are preponderant. In 
addition, the (f+i)/r ratio is a sensitive indicator of the temperature, as is the ratio of H-like 
to He-like lines, although at very high densities the r line is affected by the co llisional tran- 
sition of '5i — > ^Pi. To help in the interpretation of high-resolution spectra. IPorquet et~ail 



^ It should be noted that the reasoning above applies only to single objects. For some hot binaries, strong 
forbidden lines have been observed, while intercombination lines remain neglig ible jPollock et a]il2005l) . This 
is sometimes taken as a typical signature of X-rays arising in wind-wind interactions (see also Sect. |4.5) . The 
proposed explanation is twofold: first, the wind-wind interaction occurs far from the stellar surfaces, thereby 
decreasing the impact of the UV flux; second, the forbidden line could be boosted by inner-shell ionization 
of Li-like ions. 
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performed extensive calculations of M and ?f values for a large range of densities, 
plasma temperatures and stellar temperatures in the case of the most abundant He-like ions 
(C, N, O, Ne, Mg, Si). These results, available at CDS, do not rely on the approximate 
formula quoted above for the f/i ratio but take into account all atomic processes, notably 
the blending of lines with dielectronic satellite lines (whose exact contribution depends 
on the assumed temperature and spectral resolution). On the other hand, they were calcu- 
lated assuming the stellar flux to be a blackbody, whereas most other authors rather use the 
approximate formula but rely on detailed atmosphere models (such as K urucz or TLUSTY). 

To go further in the interpretatio n of the new high-reso lution data, lOwocki and CohenI 
(l200ll . see also the precursor works of lMacfarlane et aJl99lh presented detailed calculations 
of the X-ray line profiles expected for hot stars, when assuming that the X-ray emitting 
material follows the bulk motion of the wind. Such so-called exospheric models depend on 
four parameters. First, the exponent jS of the velocity law 



r 



(19) 



Second, the exponent q involved in the radial dependence of the volume filling factor (/[r] °<: 
r^^), which reflects variations with radius of the temperature or of the emission measure of 
the X-ray emitting plasma. Third, a typical optical depth T*, which depends on the wind 
properties: 

-* = r^- (20) 

Finally, the onset radius Rq, below which there is no production of X-rays. The last two 
parameters were found to be the most critical ones: the blueshifts and line widths of the 
line profiles clearly increase with increasing T* and/or Rq, while the profiles are much less 
sensitive to changing values of i^r or /3 . In this framework, a coronal model can be reproduced 
by setting Rq = and choosing high values of q, while a wind-shock model rather requires 
lower values of q and larger values of Rq. The former always produces narrow, symmetric 
profiles, with little or no blueshift; the latter generates broad lines (generally FWHM~ Voo) 
whose exact shape depends on the opacity. In the optically thin case (t^^ ~ 0), the line profile 
expected for a wind-shock model is flat-topped, unshifted and symmetric. For more absorbed 
winds, the redshifted part of the line, arising from the back side of the star's atmosphere, 
suffers more absorption and is therefore suppressed: the line profile appears blueshifted and 
skewed (see Fig. 124b. In addition, there should be some wavelength dependence of the line 
profiles since the absorption is strongly wavelength-dependent: the high-energy lines should 
appear narrower (lower values of and Rq), although this effect is often mitigated by the 
larger instrumental broadening at these energies. 



4.2.2 Results from high-resolution spectra 



Before the advent of XMM-A'ewtow and CHANDRA, only low or medium-resolution spec- 
tra were available to X-ray astronomers. These data led to the determination of four main 
observables: the temperature(s) of the plasma, the degree of absorption, the temporal vari- 
ability, and the overall flux level. The current X-ray facilities have indeed given some better 
insights into these properties (see Sect. 14. Il l, but they have also provided high-resolution 
spectra which permit to study the line ratios and the detailed shape of the line profiles for 
the first time. Such observations (see example in Fig. 125b have resulted in new, strong con- 
straints on the models. 
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Fig. 24 Theoretical X-ray line profiles expected for an exospheric model with \'„o = 2300 km s ' , = 0, 
P = I, Rq = l.SRf and increasing opacities T, (from to 2 in steps of 0.5). (Figure courtesy of G. Rauw). 



One of the first hot stars observed at high-resolution wa s CPup (04Ief) , an ea rly su- 
pergiant which possesses a strong wind. Kahn et all f200lh and lCassinelli et al ( l200lh report 
on XMM-Newton and CHANDRA observations, respectively. They found that the line pro- 
files are blueward skewed and broad (HWHM~1000kms^'), as expected for a wind-shock 
model. By estimating the emission measures (EMs) for each line 

(EM_= 4;r£/^Fiine/Emissivity (Jg), with d being the distance and Fune the line fluxl. lKahn et all 



1 200 ll) further showed that ^ Pup displays a large overabundance in nitrogen and that only a 
small fraction of the wind emits X-rays (since the measured EMs are much smaller than the 
EM available from the whole wind). The^r triplets indicate line formation regions at a few 
stellar radii, compatible with the radii of optical depth unity at the wavelengths considered. 
These radii appear smaller for high nuclea r charg e ions (such as Si and S) than for lighter el- 
ements (such as O, Ne, Mg, Cassinelli et all200lh. Fin ally, the N VII Lyg 24.79 A line seems 



broader and either flat-topped ( Cassinelli et a iL liooih or structured ( iKahn et ail200lb . sug- 
gesting a formation in more remote regions of the wind. H owever, this fea ture could rather be 
explained by a blend of this line with N VlHej3 24.90 A ( |PollockLl2007h . Overall, although 
a qualitative agreement with the wind-shoc k model wa s readily found, a more detailed, 
quantitative comparison awai ted the work of Kramer et al (2003). These authors found that 
profiles of the kind derived bv lOwocki and CohenI 1 2001 ) yield rather good fits, but they dis- 
covered two intriguing problems. First, the good fits by a spherically symmetric wind model 
were found for a wind attenuation about five times smaller thari the on e expected from the 
known mass-loss rate (T*"'' =4 — 30 vs. t"*"* = — 5, see also Oskinova et afcoOfil) . Second, 
the derived T* appeared rather similar for all lines, i.e. it seemed independent of wavelength 
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Fig. 25 Observed line profiles for O VIIlAl8.97A in a sample of bright OB objects and in the coronally 
active late-type star Capella (where the line width is mostly instrumental). The vertical line corresponds to 
the rest wavelength of the line; the normalized profiles have been shifted upwards by an arbitrary amount for 
clarity (data taken from the Xatlas database and smoothed by a box of 4 pixels half width). 



( lKrameretaill2003h . although the error bars were rather large. ICohen et all l l2009h recently 
re-investigated the CHANDRA spectrum of ^ Pup, by considering more lines and by using 
the HEG data in addition to the MEG data. They now found a significant variation of the 
optical depth with wavelength, compatible with the atomic opacity expected for a mass-loss 
rate of -3x10"'' Mq yr ' (about three times lower than in the literature). 

Th e situation at first appeared quite different for the 09.7Ib star ^ Ori A. In lWaldron and Cassinellil 
the line profiles were reported as broad (HWHM = 850 ±40 kms ') but sym- 
metric, unshifted and Gaussian rather than flat-topped. Again, as for ^ Pup, emission from 
high-energy ions seems to be produced closer to the stellar surface than for low-energy 
ions (at 1.2±0.5/?« for Sixill, but at a few stellar radii for other elements). These re sults 
were confirmed by iRaassen et III boost) , but challenged by iLeutenegger et all ( |2006|) and 
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ICohen et a il ll2006h - the latter two using the same CHANDRA data as lWaldron and Cassinellil 
1120011) - as well as by IPolloc^ (l2007h . who relies on the same XMM-Newton data as 
lassen et al 20081) . Although they used different techniques, both lCohen et all ( l200d ) and 
Pollockl ( l2007r) det ected slight asymmetries and blueshifts (up to — 300kms^') in the line 



profiles of ^ Ori A. ICohen et all (12006 ) also showed that wind profiles with T* = 0.25 — 0.5, 
Ro ~ 1.5/?* and ~ yield significantly better fits than simple Gaussians: some wind at- 
tenuation is thus need ed. However, as fir st found for ^ Pup, the observed mean opacity is 
smaller than e xpected dCohen et a and no clear trend of the opacity with wavelength 



was detected. ICohen et all ( l2006l) argue that, taking into account a reduced mass-loss rate 



and the presence of numerous ionization edges, the opacity variations over the considered 
wavelength range might be smaller than first thought albeit compatible with the data, within 
uncertainties. As was done for ^ Pup, WoUman et al. (2009, in preparation) re-analyzed the 
Chandra data of ^ Ori: a significant, although small, trend in the optical depths is now 
detected, which is compatible with the wind opacity if the mass-loss rate from literature is 
decreased by a factor of 10. 

The late-0 stars 5 Ori A (O9.5II+B0.5III) and ^ Oph (09.5Ve) both display symmetric 
and broad X-ray lines, althou gh they are much narrower than those of ^ Pup an d C Ori A 
(HWHM = 430 ± 60 km s^^ iMiller et al|[200l and HWHM = 400 ± 87 km s-\ IWaldroj 
120051 . respectively). On the basis of its mass-loss rate, 5 Ori A should be an intermediate 
case between ^ Pup and ^ Ori A: narrower profiles are therefore quite surprising. In addition, 
the lines of 5 Ori A are unshifted (centroid at 0±50kms^') and the ratios indicate a 
formation region one stellar radius above the photosphere (which is more in agreement with 
a wind-shock model than a coronal model), at a position similar to that of optical depth 
unity. However, 5 Ori A is a binary and one may wonder whether peculiar effects such as 
interacting winds could have an impact on its X-ray emission. This does not seem to be 
the case since no p hase-locked variations of the X-ray flux were ever reported for this object 
dMiller et aUlOO ti - it must be noted, though, that the changes might be quite subtle for such 
late-type 0+B systems, see e.g. the case of CPD— 41°7742 in Sect. 14. 51 In contrast, the lines 
of ^ Oph appear slightly blueshifted, their width might decrease for low-energy lines, and 
the formation radii derived from the fir ratios differ from the radius of optical de pth unity . 
This star i s a known varia ble, in the optical as well as in X-rays (see e.g. Oskin ova et all 
l200lh . and lWaldrorj (120051) reports a change in the formation radius derived from the Mg XI 
triplet between two CHANDRA observations separated by two days. 

The narrowest p rofiles amongst 0-type stars were found for a Ori AB (O9.5V-i-B0.5V, 
ISkinner et all2008ai and Fig.|25ll: HWHM=264±80 km s"' , or 20% of the terminal velocity. 
For this star, the X-ray lines again show no significant shift and the most constraining fir 
ratios point to a formation region below 1.8 

Since more observations are now available, some authors have undertaken a consistent, 
homogeneous analysis of several objects. This indeed eases the comparison between dif- 
ferent objects but, as already seen above, th e results sometimes disag ree between different 
teams. Using their "distributed" fir model, iLeutenegger et all ( l2006h found onset radii of 
1.25-1.67/?* for ^Pup, ^ Ori, i Ori, and 5 Ori A, without any large differences for high- 
mass species such as SiXHl. Suc h a radius rules out a cor onal model but can still be recon- 
ciled with a wind-shock model. ILeutenegger et a further explain their differences 



with ' Waldron and Cassinellil ( 1200 ih by (1) calibration problems at the beginning of the 
Chandra mission, and (2) different atmosphere models (TLUSTY vs Kurucz) which give 
fluxes different by a factor of 2-3 shortward of the Lyman edge, at wavelengths responsible 
for exciting the Si XHI transitions. 
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IWaldron and Cassinellil ll2007l . see errata in lWaldron and CassinellilEoOSh examined the 
high-resolution spectra of 17 OB stars. The sample contains 2 known magnetic objects (see 
Sect. 14.6b and 15 stars considered as "normal" by the authors - however, we note that 3 of 
these, 9Sgr and the stars in CvgOB 2, are well known binaries displaying wind-win d in- 
teractions detected at X-ray energies jRauw et a]Ll2002al . l2005l : lDe Becker et alLlioO^ : this 
likely explains the peculiar, deviant results sometimes found by the authors for these stars. 
Overall, when the lines are analyzed by simple Gaussian profiles, 80% of their peaks ap- 
pear within ±250 km s^' of the rest wavelength. The distribution of the line positions peaks 
at Okms^', but is heavily skewed (many more blueshifts than redshifts) and this asymme- 
try increases with the star's luminosity. The line HWHMs are distributed between and 
ISOOkms^', i.e. they are always less than the terminal velocity and most of the time they 
are less than half that value; there is a slight trend towards narrower lines (expressed as a 
fraction of the terminal velocity) for main-sequence objects. These widths appear also larger 
than the velocity expected at the position derived from the^r triplets (using a localized ap- 
proach and Kurucz atmosphere models). Both width and shift seem to be independent of 
wavelength (see however the results of new analyses mentioned above). Finally, the forma- 
tion radii found from triplets of heavier ions are smaller than those of lighter ions and the 
lower temperatures, derived from the ratios of lines from H and He-like ions, are only found 
far from the photosphere. 

Despite some discrepancies in the interpretations, as shown above, several conclusions 
are now emerging from the analysis of high-resolution spectra: 

1. Only a small fraction of the wind emits, as expected. 

2. The X-ray lines are broad, although not as broad as predicted (HWHM = 0.2 — 0.8 Voo). 

3. The profiles are more symmetric than expected, without evidence for flat-topped shapes. 

4. Except for ^ Pup, the blueshifts are small or non-existent. 

5. The opacities derived from fits to the profiles are lower than expected. 

6. For a given star, the line profiles and fitted opacities are generally quite similar regardless 
of the wavelength, although error bars are large and shallow trends cannot be excluded 
(indeed, some were found in a few cases). 

7. From the analysis of the. fir ratios, the (minimum) radius of the X-ray emitting region 
appears rather close to the photosphere (often <2 for the most stringent constraints), 
although there is disagreement about the possibility of a formation at or very close 
(r <1.1 7?*) to the photosphere. The formation radius is generally compatible with the 
radius of optical depth unity, which can be easily understood: the emissivity scales with 
the square of the density, therefore the flux will always be dominated by the densest 
regions that are observable; as the density decreases with radius, these regions are the 
closest to the star, i.e. they are just above the "X-ray photosphere" (radius of optical 
depth unity). 

4.2.3 A new paradigm? 

The characteristics of the X-ray lines enumerated above were not fully in agreement with 
the expectations of the wind-shock model. Therefore, some adjustments of the models have 
been proposed. They fall in five broad classes: resonance scattering, decrease of mass-loss 
rate, porosity, combination corona-i-wind, and a complete change of concept. 

In most cases. X-ray plasmas associated with hot sta rs are considered to be op tically 
thin, hence the use of optically-thin thermal plasma models. Ilgnace and GavlevI l l2002h rather 
suggested that resonant scattering could play a significant role, especially for the strongest 
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lines. In fact, their detailed line profile modeling showed that an optically- thick line ap- 
pears much more symmetric and less blueshifted than in the optically-thin case. This arises 
from the fact that the Sobolev line interaction region is radially elongated and that X-rays 
can thus escape more easily laterally than radially, reducing the strength of the blue/red 
wings. Their calculations of line shift and width agreed well with those of ^ Pup, but the 
line profiles of ^ Ori and 6 ' Ori C were more difficult to reproduce. An evaluation of the 
impact of resonance scattering for Fe XVII in 5 Ori A showed that some weak opacity effect 
might af fect the strongest X-ray lines but the opticall y-thin case was still well within the er- 
ror bars ( iMiller et alll2002h. iLeuteneg^er et a il i2007l) " incorporated resonance scattering into 
the models of lOwocki and CohenI 1 2001 ). They showed that for ^ Pup, including resonance 
scattering provides a better fit, but that some discrepancies remain. In addition, they showed 
that resonance scattering only has a significant effect for large filling factors (2> 10^"^), 
which could be a problem for winds of massive stars (see bel ow). Finally, it should be noted 
that in the above calculations including resonance scattering. iLeutenegger et all ( l2007h were 
able to fit the line profiles without any large reduction of the mass-loss rate. 

Reducing the mass-loss rates can naturally solve many of the discrep ancies mentioned 
above since it leads to more symmetric and less blueshifted line pro files (seelOvyocki and CoherJ 
l200lh as well as reduced and less wavelength-dependent opacities. lCohen et all ( l200^ stronglv 
advocate in favor of that solution following their analysis of ^ Ori. The trends detected by 
ICohen et all ( |2009[) and WoUman et al. (2009, in preparation) again favor this scenario. Such 
a reduction of the mass-loss rate was also envisaged from results at other wavelengths (UV, 
optical), some authors even proposing a dec rease by one or two orders of magnitude (e.g. 
iFullerton et aill2006l see however remarks in lOskinova et alll2007l) . However, such a drastic 
reduction of the mass-loss rates might be in conflict with the absorpti on values measured for 
high-mass X-ray binaries. Notably, to explain the X-ray observations, IWatanabe et"ail ( l2006h 
need a mass-loss rate of 1.5-2. Ox lO^^M© yr^' for the B0.5Ib primary of VelaX-1. More 
reasonable decreases by a factor of a few (2-10) are now commonly envisaged, especially in 
the context of (micro)clumping (see below and the outcome of the 2007 Potsdam meeting) , 
and they are compatible with fits to the X-ray lines - at least for ^ Pup dCohen etal 1 20091 
and Fig.l26ll and ^ Ori (Wollman et al. 2009, in preparation). 

Because of the unstable line-driving mechanism propelling the wind, it is expected 
that the wind is not smooth. Indeed, evidence for clumping has been found obs ervation- 
ally: stochastic variability of optical lines associated with t he wind (e.g. Eversberg et all 
ll998l : lMarkova et all2005[) . model atmosphere fits of UV lin es (iBouret et all l2005l). temporal 
and/or spectral properties of some high-mass X-ray binaries ( ISako et al 20031 : vm der Meer et all 
|m05). a wind composed of dense clumps in a rarefied gas has two interesting consequences. 
First, a reduction of the mass-loss rate by a factor where / is the volume filling factor 
of these clumps. This reduction amounts to less than 10 and is thus not as drastic as those 
mentioned above. Second, the possibility of leakage, resulting in reduced opacity and more 
symmetric profiles, in the case of optically-thick clumps (Fig. 127b. In this case. X-rays can 
avoid absorption by the dense clumps if the radiation passes in the (nearly) empty space be- 
tween them. The wind is then said to be porous and the opacity is no more atomic in nature, 
i.e. determined by the plasma physical properti es, but is rather geome tric, i.e. it depends 
only o n the clump size and interclump distance, jpeldmeier et all ( 1200 3h and lOskinova et all 
l l200q) have envisaged the consequences of such a structured wind. Their model uses a 
wind composed of hot parcels emitting X-rays and cool dense fragments compressed ra- 
dially and responsible for the absorption. The line profile is severely affected, being less 
broad and less blueshifted as well as more symmetric than in the homogeneous wind case 
of equivalent mass-loss rate (Fig.l27ll. For optically thick clumps, the resulting opacity is ef- 
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Fig. 2 6 Variation witli wavelength of the opacity T, derived from line-profile models of lOwocki and CohenI 
^2001") for the star ^ Pup. The observations correspond to the dots, the dash-dot line represents a constant 
opacity, the dashed line the opacity variation expected from the literature mass-loss rate and the solid line the 
opacity variation for a reduced mass-loss rate. (Figure courtesy of D. Cohen) 



fectively grey, and the line profile should thus be independent of wavelength. As the clumps 
become more and more optically thin, the differences with a homogeneous wind decrease 
and finally disappear. For ^ Pup, Oskinova et al (2006') showed that using the strongly re- 
duced mass-loss rate suggested by Fu Uerton et al (2006) causes the blueshift to be too small 
compared to observations. However, a porous wind with only moderate reduction of the 
mass-loss provides good fits. Porosity can thus greatly help in reducing the opacity and 
getting wavelength-independent properties without a drastic reduction of the mass-loss rate 
which could potentially be problematic. Howeyer, the origin and consequence of poros- 
ity have been questioned by lOwocki and CoherJ ( |200^ . These authors showed that, for a 
clumped wind, the opacity depends on the so-called porosity length /// where / is the size 
of the clumps and / the volume filling factor. For optically-thick clumps, the most favorable 
case, getting symmetric lines requests /// > r: either the clumps have large scales, or the 
filling factor is small (hence the clump compression is high), or a combination of both is 
needed. However, hydrodynamic simulations show that the line-driven instability leads to 
small-scale (typically / ~ 0.01 /?,) and moderately compressed (/ ^ 0. 1) clumps. A poros- 
ity in agreement with the observations would thus have another origin than the intrinsic 
instabilities of the wind. In addition, large clumps separated by large distances might lead to 
significant temporal variability in the X-ray light curve, which is not detected. Finally, the 
grey opacity contra dicts the shallow b ut non-zero wavelength-dependence observed at least 
in ^ Pup and ^ Ori jCohen et^bOO^ and Wollman et al. 2009, in preparation). Therefore, 
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Porosity models 




Fig. 27 Left: Sketch of a porous wind (see lFeldmeier et 3120031) . Right: X-ray Unes expected in a homoge- 
neous wind and winds with optically-thiclc clumps (the fragmentation frequency no represents the number of 
clumps passing through some reference radius per unit time - data courtesy L. Oskinova). 



the presence of large, optically-thick clumps can most probably be discarded. However, we 
Ctinnot rule out that smellier, less opaque clumps exist in the stellar winds. 

IWaldron and Cassinellil l l2007h and lWaldron and Cassineliil ( l2009h rather advocated for a 
partial return of the magnetic corona hypothesis. More precisely, they assumed a wind-shock 
model in the outer wind regions, where lines associated with low-mass ions arise, combined 
with a coronal model close to the star, which would produ ce the lines from the highly- 
ionized high-mass species. As support for their combined idea, IWaldron and Cassinellil OOOTh 
emphasized three annoying facts. First, the formation radii derived from fir triplets agree 
quite well with radii of optical depth unity, as could have been expected. If a decrease of 
the mass-loss rate is considered, then one would have to explain why the formation region 
lies much above the X-ray photosphere. Second, the radii derived from^r triplets indicate, at 
least for Si XIII, formation regions very close to the photosphere. In some cases, the small es- 
timated radii might even disagree with the typical onset radius, 0.5 above photosphere, of 
the wind-shock model. Third, the high-mass ions systematically display smaller formation 
radii than their lower-mass counterparts. At these small radii, the wind velocity is too low 
to get the observed broad lines and high post-shock temperatures. IWaldron and Cassinellil 
( |2009|) proposed a theoretical model where plasmoids produced by magnetic reconnection 
events are rapidly accelerated; they emphasized that these plas moids are not clumps bu t 
"isolated magnetic rarefactions". However, as mentioned above. iLeutenegger et in ( l2006l) , 
[Cohen et al ( 2006) and O skinova et al (200^) have chall enged their radius calculations. An- 
other caveatcanbenoted:]^M5onand^ on the wind opacity calculated 
as m IWaldrod ( figsj) : in that model, the wind is supposed to have a temperature of O.SxJgff 
at any position in the wind, which leads to a high ionization throughout the wind, thereby 
strongly reducing the opacity at low ene rgies. However, such hi gh temperatures at any radii 
might not be entirely physical (see e.g. iMacfarlane et"ailll993l) . In a different context, we 
will come back to the impact of magnetic fields on stellar winds in Sect. 14.61 

A more radical shift in thought was proposed by IPoUockl bOOTh . Up to now, it was 
considered that particle interactions in winds take place through long-range Coulomb in- 
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teractions. This explained the redistribution of momentum from a minority of UV-driven 
ions to the rest of the flow. However, it seems that the mean free path for ion-ion Coulomb 
collisions is not small (Pollock, 2007): for ^ Ori, it is 0.1 at 3 above the photosphere 
and 1 at 10/?*. Therefore, iPoUocld ( I2007D proposes the shocks to be coUisionless, like in 
SNRs. Any dissipation of energy would occur through other phenomena, probably linked 
to magnetic fields. In addition, the time scale for post-shock equilibrium appears very long 
(corresponding to a flow distance of a few stellar radii for electrons), thereby suggesting that 
no full equilibrium is ever established. In this model, the X-ray lines woul d arise far from 
the star, through ion-ion interactions such as ionization and charge exchange. |Pollockl ( l2007h 
claims that this would explain the faint continuum emission at X-ray wavelengths (the elec- 
trons being too cold for a significant bremsstrahlung in this domain) and the observed line 
profiles. As the author mentions in his paper, a more quantitative assessment of this idea 
must await a detailed modeling. It is however worth noting that coUisionless sh ocks and 
non-eq uilibrium phenomena were also proposed, although in a different context, bv lZhekovl 
bOOTl . see below). 

At present, it is still difficult to assert which solution applies best, or which combination 
of the above is closer to reality. Certainly, this will be a task for the next generation of X-ray 
facilities. 



4.3 The case of early B-stars 

The previous section focused on results derived from observations of 0-type stars. However, 
a sample of early B-type stars was also observed at high resolution with the current facilities. 
In their case too, surprises are common and the overall picture appears quite contrasted. 

While the X-ray lines of the 0-type stars often appear broad, especially for luminous 
objects with strong winds, the X-ray lines of B-type stars were found to be particularly 
narrow, except for the BOI supergiant e Ori (see Fig. [25] and Table |5]l. These narrow lines 
were re ported to be symmet ric and unshifted, with the exception of a possible asymmetry in 
B Cen jRaassen et a 3, 120051) . The fir triplets usually favored formation radii at distances of 
1.5-5 Rt from the star. 

The hardness of the spectrum and the overall emission level were found to vary from star 
to star (see TablelB On th e one hand, T Sco e mits hard X-rays and displays a clear overlumi- 



to star (see Table|5b On th e one hand, T Sco e mits hard X-rays and displays a clear overlumi- 
no sitv (IMewe et all l 2003l : ICohen ^l2003h . This seems also to be the case of 9 ' Ori A and 



E ("Schulz et al','2003V Note however that the presence of a low-mass companion to 0' Ori E 
iHerbig and Griffin, 2006) might lead to a revision of the above results for this star. 

On the other hand, the X-ray emission from the B-type stars e Ori, 6 Car, jS Cru A, 
Spica, jS Cen, and fi Cep appears much softer. For the first four stars, the distributions of the 
differential emission measure (DEM) as a function of temperature display peaks centered on 
0.2-0.3 keV, wit h FWH Ms of 0.1-0.3 keV, and without hard tails ( Zhekov and PallaLl2007l : 
iNaze and Rauwl l2008h . Hottest thermal components (0.6 keV) were detected for j3 Cen, 
jS Cep, and jS Cm A but they are clearly not dominant (the main component is at about 
0.2 keV for these objects, iRaassen et alll2005l : iFavata et aill2008l : ICohen et a]||200^ . The X- 



ray emission levels are also much more modest, with Lx — Lboi ratios of about —7 dex (see 
Table[5ll. 

Amongst the investigated B-stars were three known [5 Cephei pulsators: jS Cru A, jS Cen, 
and p Cep (Cohen et al, 2008; Raassen et al, 2005; Favata et al, 2008). While no significant 
variation of the flux was detected for the latter two objects, jS Cru A displays some variability 
of its hard emission at the primary and tertiary pulsation periods. However, as the maxima 
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Table 5 Observed properties of the high-resolution X-ray spectra of early B-type stars. An asterisk indicates 
unresolved lines. 



Name Sp. Type HWHM kT log(Lx References 

(kms-l) (keV) /Lboi) 



eOri 


BOI 


~1000 


0.2-0.3 




Zhekov and Palla (2007) 


tSco 


B0.2V 


200-450 


1.7 


-6.3 


Mewe et al (2003) 












Cohen et al (2003) 


eCar 


B0.2V-Hlate 


<400* 


0.2 


-7.0 


Naze and Rauw (2008) 




B0.5III-I-B2V 


140 


0.2 


-7.7 


Cohen et al (2008) 


e' OriA 


B0.5V-HA0 


<160* 


>1.3'' 


-6* 


Schulz et al (2003) 




+lateB 








Stelzer et al (2005) 


/3Cep 


BIV 


<450* 


0.2 


-7.2 


Favata et al (2008) 


/3Cen 


BlIII 


<440* 


0.2 


-7.2 


Raassen et al (2008) 


Spica 


BlIII-IV 




0.2-0.3 




Zhekov and Palla (2007) 



" 70% of the X-ray flux come from hot plasma (i.e. with 7" > 1 .5 x 10'' K I Schulz et al, lOOj). 



* Note that the flux values of lStelzer etall 120051) do not agree with those of lSchulz et al i2003l) . 



of the optical and X-ray light curves appear phase-shifted by a quarter of a period and as 
the variability is of very modest amplitude, these changes need to be confirmed. The blue 
straggler Q Car, which is not a known pulsator, displays some variability b ut only on long- 
term ranges (between ROSAT, Einstein and XMM-A^ewfon observations. iNaze and Rauwl 
l2008h . 

While the soft character of the X-ray emission and the values of the formation radii are 
compatible with the wind-whock model described in Sect. 14.21 the narrow lines clearly con- 
stitute a challenge for this scenario. Hard X-ray emission is also a problem in such objects 
since they possess much weaker winds than O stars. The exact origin of the X-ray emission 
of thes e B-type stars ther efore remains a mystery up to now (see, e.g., the extensive discus- 
sion in ICohen et alll20o3) but some proposed explanations rely on the possible impact of a 
magnetic field (see Sect. 14. 6t . 

To conclude this section, a last comment on the peculiar case of Be star s should be 
made . One such star was studied in detail with CHANDRA: yCas (B0.5IV, ISmith et al 
l2004h . yCas appears particularly bright in X-rays, although it is less luminous than X-ray 
binaries. Its X-ray emission consists of a strong continuum (a bremsstrahlung with kT = 
11 — 12keV), some broad (HWHM~600kms^') and symmetric X-ray lines from ionized 
metals (an optically thin plasma with 4 components, with temperatures ranging from 0.15 
to 12 keV), and fluorescence K features from iron and silicon. For the photoionized plasma, 
different iron abundances were found for the hot and the warm component, which might 
indicate the presence of the FIP effect and at least point towards different emission sites. 
In addition, while the warm and most of the hot compon ents display simila r absorption, 
part of the hot component appears more strongly absorbed. ISmith et^ ll2004l) suggest that 
these hard X-rays are seen through the dense regions of the Be disk, while most of the X- 
ray emission (warm-i-most of the hot plasma) is only absorbed by the stellar wind or the 
outer, less dense regions of the disk. The presence of fluorescence f eatures i n deed suggests 
that some cold gas is present close to the X-ray emission regions. iLi et a lilaooi) further 
presented models for generating X-rays in Be stars. According to these authors, the collision 
of the magnetically channeled wind (see Sect. l4.6l l with Be disks could explain the emission 
of B-stars down to types B8 without the need for a companion. 
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4.4 Do Wolf-Rayet stars emit X-rays? 

Wolf-Rayet stars (WRs) are the evolved descendants of 0-type stars. They come in three 
"flavors", WN, WC, and WO, which refer to spectra dominated by nitrogen, carbon, or oxy- 
gen lines, respectively. In the evolutionary sequence of hot stars, WC and WO objects are 
expected to correspond to later stages than WN stars, explaining their metal-rich composi- 
tion. Both types display mass-loss rates on average ten times larger than for their 0-type 
progenitors. These winds, denser and enriched in metals, are much more opaque to X-rays 
than those of O stars, especially in the WC case. One may thus naively expect WRs stars to 
be less X-ray bright than O stars. 

The first X-ray observations of WRs indeed provided results quite in contrast with those 
of 0-type stars. The detection fraction was much smalle r for W Rs and no Lx — ^boi re- 
lation was found for the detected objects ( IWessolowskilll996h . although the latter fact 
could be explained theoretically by assuming a particular relation of the X-ray flux on the 
wind properties, and by ta king into account the absorption by the dense, enriched winds 
dlgnace and Oskinoval . 1 19991). An overall view of the situation ten years ago was presented 
I IPoUo ' 



bv lPoUoclj ( Il995h and lPoUock et all ( Il995h : only 20 WRs were clearly detected by ROS AT 



(i.e. detection statistic A >10), which corresponds to about 10% of the WRs listed in the 
Vllth catalog of Galactic WRs (van der H ucht , 2001) . Using this catalog, it appears that 7 
of these stars belonged to the WC category, 12 were WN and 1 WNAVC; 6 of these were 
supposedly single (4WN+1WCB4-1WNAVC0), 4 were candidate binaries (3WNH-1WC), and 
10 were known binaries (5WNH-5WC) at that time. As for 0-type stars, WR binaries appear 
brighter than single objects, most probably because of wind-wind interactions (see Sect. 
|4.5l l. In addition, WN stars were found to be on average four times brighter than WC stars. 

With so few WRs detected, small number statistics could bias the results; investigations 
with higher sensitivity were thus crucially needed in order to settle the question about the 
intrinsic strength of the WR X-ray emission. About 20% of the presumably single WCs 
were observed using A SCA, XMM-Newton, or CHANDRA: WR60 , 111, 114, 118, 121, 144 
l lOskinova et"aill2003h and WRS, 57, 90, 135 (' Skinner et aill2006ah . These studies now place 
stringent constraints on the intrinsic emission of WC objects, with limits on log[Lx/iboi] be- 
tween —7.4 and —9.1 (Table|6]l. This suggests that either there is no intrinsic X-ray emission 
in WRs of WC type, which would be surprising because of the presence of radiatively-driven 
winds similar to 0-stars (see Sect. 14. 2t . or that the emission takes place deep in the wind 
and is then completely absorbed. 

The case of single WN stars is less clear-cut (Table[6ll. On the one hand, a few putatively 
single WN-type objects were found to be clear X-ray emitters in recent observations. WR6 
and WRllO are rather bright ( /^"™bs 5 x 10-^^ er g s~') and display two main thermal 



components at 0.5 and >3 keV ( IS]dnneretall2002bl la I). For WR46, 3 temperatures provide 



the best fit: 0.15, 0.6 and 2-3 keV (Gosset et al. 2009, in preparation). The high temperature 
is quite unusual for single objects and is not predicted by shocked wind models - it is rather 
reminiscent of X-ray emission from interacting winds. The observed variations in the optical 
(WR6 and WR46) or in X-rays (WR46 and WRllO) also suggest a possible binary nature 
for these stars. However, WR147 displays hints of a non-zero X-ray emission associated 
with the WR component (Pittard et al, 2002) and WRl presents a soft spectr um, with little 
emission above 4 keV, in contrast to the three previous objects dlgnace et all |200j). In the 



^ This object is WRl 11, whose clear detection was subsequently challenged iOskinova et alLl2b03l) . It now 
appears that this old detection was a false alarm. 

^ This object i s WR20a, subsequently found to be a very massive binaiy of type WN6ha+WN6ha 
<Rauw et alll2004 . 
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Table 6 X-ray properties of suspected single Wolf-Rayet stars in our Galaxy. Quoted luminosities correspond 
to observed values, i.e. without dereddening, for detected objects and to upper limits for undetected stars. 
The letters H and P in the remarks column indicate the presence of a hard tail (or hot component) and 
of periodicities (either in optical. X-rays, or both), respec tively. Note that th e quoted limits correspond t o 
different significance levels (e.g. conservative estimate from lGosset et all2005l vs 1-CT in lOskinova et al2003ft . 

Name Sp. Type Lx(ergs"') log(Lx/ibol) Remarks References 



Detected Wolf-Rayet stars fXMM-Newton and CHANDRA) 



WRl 


WN4 


2.0x10^2 


-6.6 


P 


Ignace et al (2003) 


WR3 


WN3 


2.5xl032 


-6.8 




Oskinova (2005) 


WR6 


WN4 


1.7xl032 


-6.6 


HP 


^kinner et al (2002b) 


WR20b 


WN6 


1.6x10" 


-6.2 


H 


Naze et al (2008a) 


WR42d 


WN5 


4.0x10^2 


-6.7 




Oskinova (2005) 


WR44a 


WN5 


1.6xl03i 


-8.1 




Oskinova (2005) 


WR46 


WN3 


2.4x10^2 


-7.0 


P 


Gosset et al., in prep. 


WRllO 


WN5 


7.2x10^' 


-7.1 


HP 


Skinner et al (2002a) 


WR136 


WN6 


7.9x10^° 


-8.8 




Oskinova (2005) 


WR152 


WN3 


3.2x10^' 


-7.3 




Oskinova (2005) 


Other detected Wolf-Rayet stars (ROSAT) 




WR2'' 


WN2 


7.9x10^' 


-7.3 




Oskinova (2005) 


WR7 


WN4 


2.0x10^2 


-6.6 




Oskinova (2005) 


WR18 


WN5 


2.5x10^2 


-6.9 




^skinova (2005) 


WR78 


WN7 


1.3xl03' 


-8.7 




Oskinova (200^ 


WR79a 


WN9 


7.9x10^' 


-7.7 




Oskinova (2005) 


Undetected Wolf-Rayet stars 






WR5 


WC6 


<9.3x lO^o 


< -7.7 




Skinner et al (2006a) 


WR16 


WN8 


< l.Ox lO^o 


< -8.9 




^skinova (2005) 


WR40 


WN8 


<4.0x 103' 


< -7.6 




"osset et al (2005) 


WR57 


WC8 


< 8.9 X Kpo 


< -8.1 




Skinner et al (2006a) 


WR60 


WC8 




< -8.2 




Oskinova et al (2003) 


WR61 


WN5 


< 5.0 X kP" 


< -8.1 




Oskinova (200^ 


WR90 


WC7 


< 1.9x kP" 


< -8.7 




pinner et al (2006a) 


WRlll 


WC5 




< -7.8 




^skinova et al (2003) 


WR114 


WC5 




< -9.2 




pskinova et al (2003) 


WR118 


WC9 




< -7.4 




Oskinova et al (20(B) 


WR121 


WC9 




< -7.4 




Oskinova et al (2003) 


WRl 24 


WN8 


< 2.0 X 10^- 


< -6.6 


P 


^skinova (2005) 


WR135 


WC8 


< 6.6 X lO^' 


< -9.1 




^kinner et al (2006a) 


WR144 


WC4 




< -7.4 




Oskinova et al (2003J 


WR157 


WN5 


<4.0x 10^' 


< -7.9 




Oskinova (2005) 



^ In a recent poster. ISkinner et all I2008H) presented the first results from Chandra observations of WR2 
(Lx=1.3xl032gjgj.-l_ log[Lx/LM]=-6.9), but also of WR24 (WN6, Lx=9.5 x lO'^ ^j-g ^-l ^ log[Lx/Z.bol]=-V.O), 
and WR134 (WN6, Lx=2.7x 10^- erg s"' , log[Lx/Lboi]=— 6.8). As these authors consider their analysis prehminary, we 
prefer to include it only in a note. 



latter case, the possible presence of an absorption edge due to ionized sulfur further indicates 
absorption unrelated to the neutral ISM and rathe r linked to the hot w ind: the X-ray emission 
would thus occur at some depth inside the wind. Ignace et al (2003") therefore proposed that 
the X-ray emission of WRl would be typical of single WN objects and could explain the 
soft part of the spectra of WR6 and 1 10. On the other h and, WR40 remained undetected 
in a 20ks XMM-A^ewton observation dOosset et till l2005l) . This was quite surprising since 
this object is strongly variable in the optical domain and the changes are attributed to the 
unstable stellar wind: on the basis of the wind-shock model, WR40 was thus expected to be a 
moderate X-ray emitter. However, its non-detection yields a (very) conservative upper limit 
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on its log[Lx/iboi] of —7.6, about one order of magnitude below that of 0-type stars and 
similar to the limits found for WCs. To reconcile the detection of WRl and the invisibility 
of WR40, one might have to consider the structure of their winds in detail. The ratio M/voo, 
which intervenes in the estimation of the wind density, is 13 times larger for WR40; this 
difference is however slightly attenuated by the larger radius of WR40. In addition, WRl 
presents an earlier spectral type, and its wind is consequently more ionized, i.e. less opaque. 
Indeed, WRl and WR40 are not similar objects, as far as their wind and stellar properties 
are concerned, and their X-ray emission could thus well differ. Finally, differences in wind 
porosity/clumping might also impact the detection level of WRs. Contrary to WCs, whose 
winds invariably present large optical depths, the WN stars display a wider variety, in the 
visible as well as in X-rays: individual modeling is thus probably necessary for each case. 

The first detection of a WO star, WR142, revealed a rather faint source with an inferred 
Lx/Lboi ratio of onl y I0~^ (e.g . similar to the upper limits on non-detections of other WRs, 
see above and Oskin ova et all 12009). The faintness of the source prevented any detailed 
spectral analysis but the hardness ratio clearly indicates a high temperature for the X-ray 
source which cannot be explained by the wind-shock model. This puzzling result rnight 
require to consider magnetic activity as a source of X-rays in WRs (Oskinova et al, 2009|). 

Wh ile most of t he studies have been performed for galactic objects. lOuerrero and Chul 
ll2008al lbh as well as lGuerrero et all (l2008h presented a first analysis of the X-ray emission of 
WRs belonging to the LMC. From the available ROSAT, CHANDRA, and XMM-A^ewtow 
observations, which cover more than 90% of the known WRs in the LMC, only 32 objects 
(out of 125) were detected. They are mostly binaries: about half of the known WR bina- 
ries were observed as X-ray sources whereas the detection rate is only 10% for supposedly 
single objects. Many similarities with the Galactic case were found: non-detection of single 
WC stars, preferential detection of binaries. However, some clear differences were also dis- 
covered: larger values for the X-ray luminosities and Lx/^boi ratios. While more sensitive 
data are certainly needed to confirm these trends, it remains to be seen whether these obser- 
vations could be linked to the lower opacity of the winds in the low-metallicity environment 
of the LMC. 



4.5 Interacting winds in hot binaries 

It is well established that hot massive stars possess strong stellar winds. Therefore, if two 
such stars form a close pair, an interaction between the winds can be expected. The inter- 
action region is likely to be planar if the winds are of equal strength or it will rather appear 
cone-like if the winds are different (with the weaker wind inside the cone, Fig.|28ll. As the 
winds flow at tremendous speeds before colliding, the gas is heated to high temperatures: 
kT = (3/16)mv^, which is about 4.7 keV assuming a wind of solar composition and a typi- 
cal wind velocity of 2000 km s^' (Stevens et al, 1992) . Plasma with such temperatures can 
only be observed in the high-energy domain, and X-rays thus constitute the best means to 
study this phenomenon. It must be noted that before the advent of sensitive X-ray facilities, 
only a handful of wind-wind interactions had been investigated in depth. 

Theoretically, the wind-wind interactions introduced above can be separated in two 
classes, depending on the importance of cooling in the post-shock gas. To quantify this, 
one introduces the cooling parameter x, defined as the ratio between the cooling time of the 
post-shock gas and the typical escape time from the shock region. It can be expressed as 
X = v^D/M where the wind velocity v is in units of 1000 km s^^, the distance D from the 
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Fig. 28 Shape of the wind-wind interaction region derived from pressure equilibrium, for different wind 
momentum ratios R. For two winds of equal strengths (R= 1), the equilibrium occurs in a plane in-between 
the two stars; when the winds differ, the interaction region takes a more conical shape and begins to fold 
around the star with the weaker wind. 



Star to the shocld in 10^ km, and the mass-loss rate M in 10^^ yr^'. For X ^ 1' the 
gas cools rapidly and the collision is to be considered as radiative. This situation generally 
occurs in short-period binaries. In this case, hydrodynamic models predict that instabilities 
arise in the interaction region, making the collision quite turbulent, and the X-ray luminosity 
then follows a relation of the form Lx Mv^ dStevens et alill992[) . For X ^ 1> the collision 
is adiabatic, the interaction thus appears smoother and the X-ray luminosity rather scales as 
Lx °= M^v^^/^D^'. This behaviour is preferentially expected for long-period binaries. 

According to the above considerations, several observational hints for the presence of a 
wind-wind interaction can be expected. First, this phenomenon provides an additional source 
of X-rays, on top of the intrinsic stellar contributions: such systems should thus appear over- 
luminous. Indeed, the first X-ray observa tions s howed that hot binaries are on av erage more 
luminous than single stars (e.g. iPoUocb i 19871 : IChlebowski and Garmanvlll99ll) . There are 
indications that t his overluminosity m ight increase with the combined bolometric luminos- 
ity of the system dUnder et alll2006h . This could be readily explained if one considers that 
the winds are radiatively-driven: larger luminosities mean stronger winds, hence stronger 
wind-wind interactions. Second, because of the high speeds of these winds which are collid- 
ing face-on, the X-ray emission should appear harder than the typical emission from 0-type 



This distance can be found by considering the ram pressure equilibrium between the two flows. Con- 
sidering the wind properties of the two stars (noted 1 and 2 in the following for the primary and secondary, 
respectively), the ratio of the separations between the shock and the star, measured along the binary axis, is 

TT = \ Tr~^ = ^ wind momentum ratio, see Fig. 1281 IStevens et allll993). 
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stars {kT of 1-10 keV vs 0.3-0.7 keV). However, it should be noted that these first two cri- 
teria are not sufficient for ascertaining the presence of a wind-wind interaction in a given 
system, as other phenomena also produce additional hard X-ray emission (e.g. magnetically 
channeled winds, see Sect. I4.6l l. Finally, further evidence for the presence of a wind-wind 
interaction comes from the detection of modulations of the high-energy emission with or- 
bital phase. These phase-locked variations are produced by changing absorption along the 
line-of-sight and/or changing separation in eccentric binaries. 

Absorption changes occur as the interaction region is alternatively observed through the 
wind of one or the other star. These variations are indeed best seen in systems containing 
two very different winds, e.g. WR-i-0 binaries. The most famous system in this category is 
definitely y^Vel (WC8+07.5III, P=78.5 d). WiUis et al (1995) reported on multiple ROS AT 
observations of the system: they observed a recurrent strong increase of the observed X- 
ray emission when the 0-type companion was in front of the WR star. This increase was 
detected in the "hard" ROSAT band, i.e. 0.5-2.5 ke^fl and was interpreted as due to re- 
duced absorption when the interaction region is seen through the less dense and less metal- 
rich (thus less opaque) 0-star wind. The width of the light-curve peak was further related 
to an o pening angle of abo ut 50° for the shock cone. Short-term variations, detected by 
ASCA jStevens et all '1996'), provide evidence for instabili ties linked to the in teraction re- 
gion. Using high-resolution spectra, Schild et al ( 2004 ) an d lHenlevetail(l2005h showed that 
the X-ray emission was produced far from the UV sources (broad lines, large ratio). The 
spectrum of the hot plasma was fitted with 3 temperatures, interpreted as coming from dif- 
ferent regions (Schild et al, 2004): 0.25 keV (with constant absorption, this flux should be 
emitted far in the winds), 0.65 and 1 .8 keV (both along the shock cone, the observed absorp- 
tion decreasing when the line-of-sight lies inside the shock cone). For the latter components, 
reproducing exactly the change in the absorbing column proved rather difficult: either a de- 
crease of a factor of four in the mass-loss rate is needed (microclumping, porosity?), or a 
change in the abundances (hints of a neon enrichment, suggesting a mix of O and WR ma- 
terial for the emitting plasma). Regarding the overall properties of the spectra, it must be 
noted that different metals sometimes yield different plasma temperatures, suggesting that 
non-equilibrium ionization could be present in y^Vel (Henle y et al . 2005i ). 

Similar effects are seen in a few other systems. In the eccentric system WR22 (WN+07- 
9, P=80.3 d), no emission is present at soft energies, but the flux at medium energies (0.7- 
2keV) varies strongly due to changes in absoiption (Gosset et al. 2009, submitted). The 
minimum absorption occurs when the 0-type star is in front of the WR: as for y^Vel, the 
interaction region is then seen through the less opaque wind of the companion. The be- 
haviour of the absorption at other phases can be qualitatively understood if one considers 
the interaction region to dive deeper and deeper inside the WR wind, as seen from Earth. 
Outside ou r Galaxy, a simila r phenomenon might occur in the peculiar system HD 5980 
(WR+WR, iNazeeta]||20"07al) . Binaries composed of two O stars can also undergo similar 
absorption changes, although of smaller amplitude. The small decrease of the soft X-ray 
flux of Plaskett's star (07.51-^061, P = 14.4 d) and HD 93403 (05.5I+07V, P = 15.1 d) 
can be explained by t he optically thicker wind of the prima ry star obscuring our view to 
the interaction region dLinderet alll2006l :l Rauw et a 3 l2002bl . respectively). Absorption ef- 
fects have also been proposed for HD 165052 (0 6.5V-I-06.5V, [Corcoran, 1996) and 29 
CMa (08.5I+09.7V lBergh6fer and Schmitt|[l99a - although in this case it should concern 

' Quite surprisingly, very soft (0. 1-0.5 keV) emission was also detected in T^Vel but, as it seems stable 
with phase, it must be produced quite far in the winds, where the absorption is low. Since no single WC star 
was ever detected in X-rays (see Sect. I4.4K this soft flux can probably not be considered as intrinsic to the 
WR star. 
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Fig. 29 Left: X-ray light curves of WR25 in different energy bands. At minimum separation (0=0) tlie liard 
and medium fluxes are maximum, wliile the soft flux is minimum (or the absorption is maximum) when the 
Wolf-Rayet star is in front. Right: The observed hard X-ray flux as a function of the inverse of the relative 
separation between the stars (r divided by the semi-major axis a). Figures adapted from lGossell j2007l) . which 
rely on XMM-Newton data. 



the intrinsic emission of the stars, since there is apparently no overluminosity typical of an 
interacting region). 

A changing separation in eccentric systems can also be responsible for a phase-locked 
modulation of the wind-wind X-ray emission. In adiabatic situations (where Lx °^ M^v^^^^D^^), 
the stars are rather distant from one another and the stellar winds have plenty of time to reach 
their terminal velocity before interacting. Therefore, no variation in the wind speed is ex- 
pected and changes in the X-ray luminosity can be attributed to the varying distance between 
the stars and the shock zone. As theory predicts a 1/D effect (see equation above), the intrin- 
sic X-ray flux is expected to be maximum at periastron, where the plasma density is higher. 
Such a variation has n ow been observed in several systems: WR25 (WN-h04, P = 208 d, see 
Fig.[29l lGossetl2007l) , H P 93205 (03 5V-H0 8V, P = 6.1 d. lAntokhin et afcOOSh . HD 93403 
(05.5I+07V, P = 15.1 d, iRauw et alll2002"bl) . However, it must be noted that in other ec- 
centric systems, like y^Vel and WR22, the hard X-ray flux is found to be constant, without 
evidence for a. l/D variation ( Rauw et"a3l200d . Gosset et al. 2009, submitted). The flux of 
the long-period binary WR140 (WC7+04-5, P = 7.94 yr, e = 0.88) rises towards periastron 
but then decreases suddenly as the WR star passes in front of t he 0-type star an d its dense 
wind occults both the companion and the wind- wind interaction i Corcoran. 2003 ). However, 
the flux does not follow perfectly the expected 1 /D variation dPoIIock et all 20021) . maybe 
because the collision becomes radiative near pariastron or because of the energy lost to ac- 
celerate non-thermal particles at that time (Pittard and Doughertv„ .2006). Interestingly, this 
system is one of the few where changes of the profiles of the X-ray lines have been detected. 
IPollock et all (l2005h report broad and blueshifted (—600 km s ' ) lines before periastron and 
even wider but slightly redshifted lines just after periastron. Such line profile changes clearly 
deserve an in-depth study: future X-ray facilities might help detect them for a wide range of 
interacting wind systems and the observations might then be compared to model predictions. 
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see e.g. those of iHenlev etal (l2003h . It is worth noting that hints of a collisionless nature 
of the wind-w ind sho ck as well as evi dence for non -equilibrium ionization were reported 
for WR140 bv lPollock et al(2qol) and lzhekov and" skinner (2000). Similar clues were also 
found for WR147 ( Izhekovl . l2o67f) . 

In the case of a radiative interaction (Lx °^ Mv^), the stars are closer to each other and 
the stellar winds are still in the acceleration zone when they interact. Therefore, the interac- 
tion occurs at lower speeds at periastron than at apastron: following the equation above, the 
X-ray flux should thus be minimu m at periastron. A goo d example of this case is Cyg 0B2 
#8A (06If+05.5III(f), P = 21.9 d. lOe Becker et aj2006h where the flux and plasma temper- 
ature present a minimum close to periastron. This is probably also the case of HD 152248 
(07.5III(f)+07III(f), P = 5.8 d, Sana et al 2004). Note that this idea can be applied on a 
more global scale, with longer-period systems permitt ing more accelerat ion for the wind 
thereby explaining their larger X-ray overluminosities ( iLinder et a]Ll200d ) - of course, this 
is valid only in the radiative regime (i.e. up to P ~ 10-20 d): for longer periods, the l/D 
effect dominates. 

A last case of wind interaction occurs when one of the star has little, if any, mass-loss 
rate. In this case, the wind of one star crashes onto the photosphere of its companion (or 
close to it): the X-ray emitting region thus roughly corresponds to the hemisphere facing the 
primary star. Such a possibility was envisaged to explain the pe culiar shape of the light curve 
of CPD-4r 7742 (09V+B1-1.5V, P = 2.4d. lSana et"aill2005h . From a non-zero value, the 
count rate smoothly increases during a quarter of the orbit; this is followed by an equally 
smooth decrease during the next quarter of the orbit; when the maximum flux should be 
reached, a narrow dip makes the light curve come back to its original level. This level cor- 
responds to the intrinsic emission of the two stars; the broad peak occurs when the X-ray 
emitting hemisphere comes slowly into view as the system rotates (an effect analogous to 
the lunar phases); the narrow drop corresponds to an X-ray eclipse when the primary occults 
the secondary (with an inclination of 77°, the system is seen nearly edge-on). Such a phe- 
nomenon can be expected for other 0+B systems, but has not yet been specifically searched 
for. 

Further evidence for X-rays associated with a wind-wind interaction is the spatial ex- 
tension of the high-energy source. Indeed, the X-ray emission is not point-like but occurs in 
an extended region close to the stagnation point (the intersection of the shock with the bi- 
nary axis). Unfortunately, spatial resolution is still limited and one did not expect any direct 
evidence of this extension to be found with either XMM-A'ewtoH or CHANDRA. However, 
an indirect signature for the source extension was detected in a few systems. For example, 
in WR22, it is necessary to take extension into account to closely model the absorption at 
the most absorbed phase (Gosset et al. 20 09, submitted). Su ch an effect could also help for 
a better modeling of absorption in y^Vel dSchild eta]ll2004h . In the very massive eclipsing 
binary WR20a (WN6ha-i-WN6ha, P=3.7 d. lNaze et aKOOBah . the X-ray emission brightens 
during the optical eclipse: the lack of an X-ray eclipse is directly related to a non-zero ex- 
tension of the X-ray emission; furthermore, the brightening requires the collision zone to 
be rather opaque when seen edge-on (which happens a quarter of phase after/before the 
eclipse). Finally, direct evidence for source extension was found in CHANDRA observations 
of WR147 (WN8-F0B, see Pittard et al2002 and Fig.[30ll. This second closest WR system 
(the closest one being y^Vel) has been resolved at both radio and IR wavelengths: the non- 
thermal radio source corresponding to the wind-wind interaction lies 0.58" north of the WR 
star and the OB companion is located 0.06" further away. The size of the observed X-ray 
emission is about 70% larger than the CHANDRA point spread function and its position does 
not correspond to that of the WR star. No other possibility than wind-wind collision can 
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Fig. 30 The emission from WR147, witli X-r ay contours (thick lines) superimposed on radio contours (thin 
lines, figure reprinted from'Pit tard et al[2002h . The two crosses give the positions of the stars: the WR star 
is to the south, the O star to the north. The WR star is associated with the southern radio source, while the 
elongated radio source to the north is non-thermal radio emission from the wind-wind collision. The X-ray 
emission, which is extended, is not co-spatial with the WR star but is likely associated with the wind-wind 
interaction. 



explain such observations and these data thus constitute important evidence showing the 
reality of the phenomenon. It should be noted that the best fit to the observations considers 
a main component associated with the extended interaction zone plus weaker contributions 
from the point-like stars: in this case, the WR star should thus have intrinsic, non-zero X-ray 
emission (see Sect. |4.4| for further discussion on this subject). 

A strange feat ure discovered in two interacting systems of type WC-nO (y^ Vel. lSchild et all 
l2004l. and d Mus. lSugawar a et a7 "2008") must also be mentioned: the presence of narrow ra- 
diative recombination continua (RRC) associated with highly ionized carbon. It indicates 
that cool gas {kT = a few eV) is present not far from t he X-ray sources. Its origin is not 
yet clear: because of the lack of phase-locked variations. ISchild et all ( |2004|) favor reco mbi- 
nation occurring far in the winds or far out in the post-collision flow while [Sugawara e t all 
l l2008h suggest that the RRC feature displays a similar shift as the X-ray lines arising from 
the hot plasma of the wind-wind interaction. 
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Once that clear evidence was found for wind-wind interactions, a better modeling was at- 
tempted. Indeed, when well understood, such interactio ns can help p robe the s tellar wind pa- 
rame ters, which are notoriously difficult to estimate (e.g. lAntokhin e t al 2004; De Becker et a 
bood) . However, one should not forget that there is more than just one interaction in the sys- 
tem: there are the stars. This has two consequences. First, for a meaningful comparison, 
the modeled wind- wind contribution should always be added to the stars' intrinsic high- 
energy emissions. Indeed, the predicted changes are generally larger than the observed ones 
since the stellar X-rays dilute the variations of the interaction emission (e.g. HD 152248, 
ISana et ail l2004l) . Second, wind acceleration needs to be cautiously modeled. Indeed, in hot 
stars, the winds are accelerated by UV radiation; in hot binaries, there are two sources of UV 
photons: along the binary axis, the stellar winds might hence not be accelerated to their full 
strength (a process called radiative inhibition) and, in asymmetric systems (e.g. WR+0), the 
strongest wind might even suddenly decelerate as it approaches the companion (a process 
called sudden radiative braking). Such braking effects alter the wind velocity, hence the X- 
ray emission: the flux and plasma temperature will be lower than expected. Observational 
evidence for that process is still quite elusive in the X-ray domain. For Vel, iHenlev et all 
boosh used a geometrical model (with X-ray emission along a cone revolving with the 
orbital period) to reproduce the observed unshifted line profiles: they found that the latter 
could only be fitted with a half-opening angle of 85°, i.e. much more than the 25° expected 
on the basis of the shape of the X-ray light curve. This result was interpreted as a possible 
consequence of sudden radiative braking close to the O star. 

Finally, a last remark must be made: not all hot binaries display X-ray bright interactions 
and this is not solely due to the type of performed observations (a short snapshot prohibiting 
the production of light curves, contrary to a dedicated monitoring). In NGC 6231, only 
HD 152248 and CPD— 41°7742 present a clear overluminosity in the Lx — ^-boi diagram, 
although s everal other binary systems exist in the cluster jSana et all 120061) . In the case of 
I Orionis ( Pittard et all l2000l) . no significant variation of the X-ray emission was detected 
between periastron and apastron observations, although they were eagerly expected. The 
reasons for these differences are unclear, and definitely require more investigation. 



4.6 Hot magnetic objects 

Up to recent years, magnetic fields were quite an elusive subject for hot stars. Indeed, hot 
stars lack outer convection zones, and there seemed to be no correlation between X-ray 
emission and rotation rate (as seen in cool stars). However, magnetism had been proposed 
to explain the variability of some peculiar objects, e.g. 0' Ori C, and it was also needed for 
producing the non-thermal radio emission observed in a few hot systems. Direct evidence 
for its presence is difficult to find as the broadening of the stellar lines in the spectra of 
hot stars prevents the direct observation of Zeeman splitting. However, the Zeeman effect 
also induces polarization of light and it was finally thr ough spectro|3olarim etric studies that 
magnetic fields were first detected in 2002 (6^ OriC, Donati et al 2002). More efforts to 
search for magnetic fields are curren tly under way (Bouret et al, 2008; Hubrig et al, 2C)0i; 
iPetit et a i|200i;[ Schnerr et a I l2008h . Table |7] summarizes the current status of magnetic 
field detections in hot stars. 

To study the im pact of a magnetic field on th e stellar winds, hydrodynamical model- 
ing was undertaken Jud-Doula and OwockiLl2003) . It revealed that the crucial factor is the 
importance of magnetic energy relative to the kinetic energy of the wind, better evaluated 



Table 7 Properties of magnetic stars earlier than Bl (a '+' in the spectral type indicates the presence of companions). The dipolar field strength is quoted when available; if 
absent, the values of 77 were calculated by assuming the observed field strength to be the dipolar one. Quoted X-ray temperatures correspond to the main component. 



Name Sp. Type Bobs Bdip vsin; v„<. R, M kT HWHM log(Lx rj Ref. 

(G) (G) (kms-l) (Ro) (M,v,yr-i) (keV) (kms-') /Lboi) 



9Sgr 


04V+ 


211±57 


128 


2950 


16.0 


2.4x lO-*" 


0.26 


500-1600 


-6.4 


0.3 


1,2 


HD 148937 


05.5f?p 


-276 ±88 


45 


2600 


15.0 


< 10-' 


0.2 


873 


-6.0 


13 


2,3 


e' OriCt 


05.5V-I- 


1060±90 


24 


2980 


8.3 


1.4x10-* 


2.5-3 


300 


-6.0 


3.6 


4 




07V+ 






2760 


9.1 


5.5x10-' 








12 




HD 191612 


06.5f?p- 


1500 


45 


2700 


14.5 


1.6x10-* 


0.2-0.3 


900 


-6.1. .2 


21 


5 




-08fp+ 






















HD 36879 


07V 


180±52 


163 


2170-2400 


10 


4x10-' 








0.6-0.7 


6 


HD 155806 


07.5Ve 


-115±37 


91 


2390 


8.9 


2x10-' 


soft 




-6.7* 


0.4 


7 


HD 152408 


081 


-89±29 


85 


955-2200 


31 


5-12x10-* 






< -7.3* 


0.05-0.3 


8 


i^OriA 


09.7I 


61±10 


110 


2100 


25.0 


1.4-1.9x10-* 


0.2 


850 


-7.1 


0.11-0.15 


9 


tSco 


B0.2V 


300 everywhere 


5 


2000 


5.2 


2x10-** 


0.6 


200^50 


-6.5 


12 


10 


NUOri 


B0.5V+ 


650±200 


225 








0.2 




-6.7 


55 t 


11 


^' CMa 


B0.5-ini 


306 


20 


1518 


7.1 


1.9x10-** 


0.3* 




-6.6* 


31 


12 


^Cep 


BlV-l- 


360±40 


27 


800-1500 


6.9 


10-' 


0.2 


<450 


-7.2 


790-1481 


13 



* ROSAT observations rfrom lBerghofer et all99^ 

t The two lines correspond respectively to the hot and cool models of'Gagne et al' ^20 05bl) . 

i Assuming the same values of radiu s, ma ss-loss rate and term inal velocity as for T Sco. 

References: (1) Rauw et al' ('2002a'), (2) Hubrig et af ("2008), (3) Naze et al 1 2008b c), (4) 'Donati et al' ('2002'), 'Gagne et al' ^2005b"), (5) 'Donad et al' f2006a'), 'Naze et a] 
J2007b, 2008b), Howarth et al (2007), (6) Hubrig et al (2008), Prinja et al (1990), Vilkoviskii and Tambovtseva (1992), (7) Hubrig et al (2008), Prinia et al (1990), 
Oilebowski and Garmanv (1991), Berghofer et al (1996), Martins et al (2005), (8) Hubrig et al (2008), Prinja et al (1990), Vilkoviskii and Tambovtseva (1992), 
Ichle bowski a nd Garmany (1991), Berghofer et al (1996), (9) Raassen et al (2008), Bouret et al (2008), (10) Mewe et al (2003), Cohe n et al ( .2003) , .Donati et al. C2006b.) , 
(1 D fStelzer et al <2005l) , |Petit et aj f266l . (12) ICassinelli et ai n994h , iHubrig et all<2006l) , (13) lHenrichs et all <2000() , lFavata et all<20O8l) 
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through the use of a wind confinement parameter 

SI Till 

_eq_^ (21) 

If T) <Sl, the field is weak and the outflowing wind remains rather unaltered; if r; >1, the 
field is strong enough to channel the wind towards the stellar equator. In the latter case, it 
must be noted that no stable disk forms. The head-on collision of the two channeled wind 
streams at the equator heats the gas to high temperatures: as for interacting wind binaries, 
hard X-ray emission should thus be produced. In addition, since the phenomenon occurs 
quite close to the photosphere, in shocked plasma with little radial velocity, the lines of the 
emitting hot plasm a are expected to be narrow (ct <250 km s^' ) and only slightly blueshifted 
(-100 to km s~ ' ■ lOagne et a]||2005bh . Finally, if the magnetic and rotational axes differ, a 
periodic modulation of the X-ray emission should be observed, as the region of magnetically 
confined wind is alternatively observed edge-on/face-on (though this m odulation can be o f 
limited amplitude depending on the characteristics of the system, see e.g. lFavata et all200^ . 

Ori C was observed at four phases with C HANDRA gratings and also at m edium reso- 
lution in the framework of the COUP campaign jGagne et al 2005b, see errata in lOagne et all 
l2005al) . The observed spectrum is indeed quite hard, with a dominant temperature at 2.5- 
3 keV, and a second, much weaker component at 0.7 keV. Flux variations of about 30% are 
detected, with a simultaneous maximum of X-ray and Ha emissions when the "disk" is 
seen face-on; a slightly larger absorption column is also observed when the "disk" is seen 
edge-on. Most X-ray lines are narrow (350 km s^', slightly larger than predicted) but the 
broader lines (e.g. Ovill) correspond to a cooler plasma and their formation could thus 
be explained by the "usual" wind-shock model. Moreover, the line centroids are on aver- 
age close to Okms^', though slightly variable (from a small blueshift of — 75kms^' when 
seen face-on to a redshift of +125 km s^' when edge-on). Finally, the comparison of the line 
triplets from He-like ions suggests a formation region very close to the stellar surface, at 
radial distances r = 1.6 — 2.1/?,. All in all, the case of OriC is well explained by the 
hydrodynamical models. 

This is also the case for T Sco, whose magnetic field was detected bv lDonatietail ( l2006bl) 
shortly after high-resolution X-ray spectroscopy had revealed its striking similarities to 
0' OriC: narrow (HWHM of 200-450 km s^i) and unshifted Hnes, hard emission (strong 
component at kT = 1.7keV), clear overluminosity. X-ray formation region at r=l-3W* 
jMewe et a]Ll2003l ; ICohen et a]Ll2003h . The magnetic field geometry is however much more 
complex than a simple dipole, and MHD simulations still need to be performed to check if 
the agreement is also quantitative. 

One can now easily imagine a whole continuum of magnetic effects in massive stars. 
On the one hand, strong magnetic confinement {r\ ^ \) will produce hard X-rays, narrow 
lines, a large overluminosity, and a clear periodic modulation, as exemplified by 0' OriC. 
On the other hand, small magnetic confinement will not affect the X-ray emission, which 
keeps its usual properties from the wind-shock model (soft X-rays, broader lines, constant 
emission, and log[Lx/Lboi] ^ ~7, see Sect. 14. 2b . This other extreme would be represented 
by C, Ori A, whose magnetic field is very weak (Bouret et al l2008h and which displays a 
"normal" X-ray emission (see Sect. I4.2.2I I. In between those two extreme cases, a whole 
range of possibilities opens up, which still needs to be tested. 

In view of the surprising spectra of early B-type stars, which cannot be explained by 
the current wind-shock model (see Sect. |4.3I >, magnetic fields are often seen as a potential 
solution. Indeed, B-type stars possess weaker stellar winds than 0-stars and even small mag- 
netic fields can produce large magnetic confinements, as exemplified by /3 Cep (Table|7]and 
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iFavata et a il l2008h . Magnetically channeled winds naturally produce the observed narrow 
X-ray lines and the observed formation radii are compatible with this scenario. However, 
detailed MHD simulations are still missing, as well as sensitive polarimetric observations 
of problematic B-stars (0 Car, jS Cru). It remains to be seen if the variety of temperatures 
and luminosities can also be reproduced by such models, e.g. hard and bright X-rays for 
T Sco (with rj ^ 10) vs. soft emission without overluminosity for jS Cep (which has a larger 
ri - 1000). 

The magnetic models were, however, less successful in some cases. For example, the 
non-thermal radio emitter 9 Sgr, discussed above, displays a high-resolution X-ray spec- 
tru m quite typical of " normal" 0-type stars (low kT, broad and s lightly blueshifted lines, 
see Rauw et a il l2002a h although its magnetic field is sig nificant jHubrig et all |2008|) . In- 
deed, wind-wind interactions most probably play a role in this system, and a full modeling 
taking into account both magnetic fields and colliding winds should help understand the 
high-energy characteristics of 9 Sgr. The problems are more critical for the Of?p stars. This 
category gathers at leas t three pecuUar Galactic stars: HD 108, HD 191612, and HD 148937 
llWalboml . ll972l . 11973 '). To explain their cyclic variability in the optical domain, a mag- 
netic obliqu e rotator model was proposed. Indee d, a magnetic field has been detected for 
HD 191612 JPonati et alll2006al) and HD 148937 jHubrig et a]il2008l) , and the derived con- 
finement parameters are large, with values similar to or larger than for 0' OriC (Table [7]i. 
In the X-ray domain, all three stars present similar spectra but their properties do no t fully 
agree with the predictions of the magnetic models iNaze et a 1 12004| . l2007d. l2008bl H). On 
the positive side, two similarities with 6^ OriC can be underlined: a large overluminosity 
(an order of magnitude compared to the "canonical" relation) and the flux variations of 
HD 191612, in phase with those of the optical emissions. In addition, although the overall 
flux is soft, a second thermal component at 1-3 keV is present but it is of reduced intensity 
(it only accounts for 30% of the intrinsic flux) and it can certainly not explain the overlumi- 
nosity. On the negative side, these stars display soft spectra with a dominant component at 
0.2-0.3 keV, as expected for "typical" 0-type stars (see Sect. |4.1.2l l, and broad X-ray lines 
(HWHM ~ 900kms-i). For these 0f?p stars, it thus seems that an additional phenomenon 
must be at work to explain the characteristics observed at X-ray energies. 

As spectropolarimetric analyses are still on-going, it is difficult to assess at the present 
time the overall validity of the magnetically-channeled wind model at high-energies. Sen- 
sitive magnetic detections and high-resolution X-ray spectroscopy of OB-stars need first to 
be accumulated. Once definitive values for the physical properties of the magnetic systems 
will become available, statistical analyses will be performed to test whether significant dif- 
ferences between magnetic and non-magnetic systems exist and detailed modeling will be 
able to check if their X-ray emission follows the expectations or not. Until then, hard X-ray 
emission with narrow unshifted lines might certainly be considered as a typical signature 
of strong magnetic fields. This result, at least valid for tSco and 0' OriC, was also used 
to explain the observations of numerous X - ray bri ght 0-type stars in very young clusters. 
Following some authors (e.g. ISchulz etal l2003h . the number of bright, hard sources as- 
sociated with 0-type objects increases as the cluster age decreases. Th is result was linke d 
to observational hints that magnetic field strength decreases with age (Donati et a iL l2006ah . 
However, the impact of binarity (and associated interacting wind emission) was not fully 
assessed. In this context, it should be remembered that young clusters still harbor the most 
massive stars: these objects, displaying the strongest winds, are the most susceptible to pro- 
duce strong wind- wind interactions. Decreasing magnetic field might thus not be the only 
cause for the smaller number of X-ray bright sources observed in older clusters. 
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5 Conclusions 

XMM-Newton and Chandra have provided entirely new views of stellar X-rays, in par- 
ticular through high-resolution grating spectroscopy offering a resolving power of several 
hundred. Stellar X-ray sources are rich in emission lines from which information on physical 
conditions and processes can be extracted. 

Coronae of cool stars reveal standard thermal spectra that have, nevertheless, offered a 
number of surprises, such as previously unknown systematics of element abundances. Subtle 
effects related to line broadening, optical depths, resonant scattering, and fluorescence have 
been crucial to develop models of the emitting sources or irradiated surfaces. Much attention 
has also been paid to the unique methodology of measuring average coronal densities that 
are pivotal for the construction of coronal models. 

Density measurements were at the origin of new hypotheses related to pre-main se- 
quence stars. Soft X-ray emission revealing very high densities has been interpreted as a 
signature of accretion shocks near the stellar surface. Outflows or jets are also X-ray sources, 
perhaps related to the same physical mechanisms also operating in winds of massive stars. 

The current X-ray observatories have also clearly provided better insight into the proper- 
ties of hot, massive stars. In particular, high-resolution spectra have proved a crucial tool to 
test the proposed models in detail: the new observations do not fully agree with expectations 
and require a change of paradigm. 

Continuing investigations in the domain of high-resolution spectroscopy are clearly 
needed. The higher-sensitivity facilities of the next generation should notably be able to 
resolve the profile variations of X-ray lines, which are expected in various contexts (wind- 
wind interaction in binaries, channeled wind in magnetic objects, and even in winds of single 
stars, rotating coronal plasma, plasma flows in magnetic fields, etc). Studies of X-ray emis- 
sion in different metallicity environments, e.g. the Magellanic Clouds, should also provide 
crucial information since the stellar wind strength and absorption depend on the metal con- 
tent. In this context, it must be noted that high sensitivity and high spectral resolution must 
be complemented by a high spatial resolution - it is of little interest to get a well-exposed 
spectrum of a whole cluster! 
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